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Abstract
A full operations package for underwater research, including the mid-sized ROV Nautilus
with a distributed control system, a topside graphical user interface (GUI), and a dedicated
launch and recovery system (LARS), was developed to increase the operational efficiency of
scientific exploration and experimentation missions through Santa Clara University’s (SCU’s)
Robotics Systems Laboratory (RSL). Design of the mechanical subsystems on Nautilus added
flexibility of usage and protection of components. The new GUI improved pilot control of
Nautilus with an added heads-up display and easy access to sensor readouts. The simulated
Nautilus altitude control system has an error of ±1% and a tested heading control system with an
error of ±5˚, enhancing navigation. The LARS, though not manufactured due to project setbacks,
will improve the efficiency and safety of deployment and retrieval. It is also expected to decrease
the amount of time and people necessary for both the launch and recovery processes from
five minutes to two minutes and four people to one person respectively.
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1. Introduction
1.1 Background & Motivation
Though the ocean covers about 70% of the earth’s surface, it is one of the least
understood parts of planet Earth. The size and impact of the ocean demonstrates how
understanding it directly translates to understanding the global environment. The ocean produces
over half of the world’s oxygen through planktons, regulates heat and weather, is a major food
source, plays a large role in the global economy, and is also used for recreational purposes [1].
Knowledge of the ocean is critical to improving and protecting the environment, economy, and
general welfare. One example in which the ability to observe the ocean can protect the
environment is in dealing with oil spills. First responders can track the hydrocarbons in the ocean
using marine technology and act accordingly to mitigate environmental harm [2]. Figure 1.1
gives one example of how oil spills can harm ocean wildlife, which can have large implications
to the overall health of the ocean’s ecosystem. This is just one of the several ways sensory data
from the ocean can be beneficial for humans and the environment.

Figure 1.1: A sea turtle covered in petroleum oil, an example of preventable harm to the
environment (used without permission) [3].
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There are several ways scientists study the ocean. One of these is through remote sensing,
which utilizes satellites to examine any part of the ocean with relative ease and safety. This
method is effective for observing geographical details about the ocean and collecting good
topographical information. Unfortunately, it cannot be used for other types of information, like
observing certain chemical properties of the water at specific locations or observing most aquatic
life.
Scientists also use several sensors to study the ocean. They use acoustic signals,
magnetometers, and conductivity, temperature, and depth sensors (CTDs) to discover more about
the ocean, allowing for greater detail, better mapping, and more information on the properties of
the ocean in different areas. There are several types of sensors which are deployed in different
ways. Vertical profilers, like the CTD displayed in Figure 1.2, are lowered by cables deep into
the ocean. Others, like magnetometers, are dragged behind a boat. Some are placed on buoys to
monitor particular areas for a prolonged period of time. All of these methods are useful for
mapping and capturing broad features like temperature at depth, currents, and geographical
information, but they have no way of physically manipulating their environment.

Figure 1.2: An example of a CTD (used without permission) [4].

2

Scuba equipment can allow humans to take closer looks at these features and phenomena
of interest. It also allows humans to interact physically with the environment to collect samples
of water or underwater materials. However, since humans must go to the sites of interest, safety
can be a large concern. In areas where safety is a concern, scientists can travel in humanoccupied vehicles (HOVs). HOVs like Alvin shown in Figure 1.3 are frequently used for data
collection and observation at great depths, and they provide protection from some of the dangers
of deep-sea exploration and observation. Still, there are times when such a solution is
impractical, and it is cumbersome to deal with such a large vehicle. Submersible marine robots
are an effective solution to the issue of safety since they are able to both capture more intimate
details and provide a safe means of doing so. They can be much easier to deploy than HOVs and
greatly reduce safety concerns for personnel. Today, marine robots are used for a wide array of
purposes including marine biological research, geological research, inspecting and conducting
operations on oil rigs, and inspecting marine structures and vessels.

Figure 1.3: An image of the HOV Alvin (taken by Nick Ellis).
3

There are three main types of underwater robots used throughout the world today:
autonomous underwater vehicles (AUVs), autonomous surface vehicles (ASVs), and remotely
operated vehicles (ROVs).
AUVs are robots that autonomously travel underwater to scan the sea floor and collect
data on water conditions with sensor arrays. Since they operate autonomously, these robots are
untethered, can cover large areas without human intervention, and can travel to about 3.7 miles
(6 km) below the surface [5]. After being deployed, AUVs typically follow a predetermined path
through the ocean and are recovered once the desired data is collected. Some famous AUVs
include Sentry (Figure 1.4) and the torpedo-shaped REMUS series AUVs (Figure 1.5).

Figure 1.4: AUV Sentry being lowered into the water for an operation (used without permission)
[6].
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Figure 1.5: REMUS 600 AUV on the deck of a NOAA research ship (used without permission)
[7].
ASVs are very similar to AUVs, except that they operate on the surface of the water.
These robots typically conduct the same operations AUVs do but can also collect data on
weather and other above-water conditions [8]. ASVs can typically look more like boats, and
sometimes have two separated hulls to increase stability. One of these ASVs, called Saildrone, is
shown in Figure 1.6.

Figure 1.6: Saildrone ASV collecting data on the water (used without permission) [8].
5

1.1.1 ROVs
ROVs are the most widely used marine robots today. Unlike AUVs and ASVs, ROVs are
directly controlled by a pilot located above water. Pilots communicate with ROVs via a tether
which transports power, communication data, and live video feeds. Tethers are required for
ROVs because wireless radio communication does not propagate far underwater. ROVs are
typically box-shaped and come in sizes ranging from four meters along one side to handheld
size, depending on their uses. Depending on their payloads and tooling, larger ROVs can weigh
up to 5.5 US tons (5000 kg). To counter payload weight, they often have foam buoyancy blocks
mounted on the top portion of their frame. Deep-diving ROVs generally travel up to four miles
below the surface, however the greatest depth reached by an ROV is 6.8 miles (11 km) [9, 10].
Generally, ROVs can be split into two broad categories: work-class and inspection-class ROVs
[11].
Work-class ROVs tend to be heavier duty and outfitted with manipulators, collection
baskets, or other forms of tooling. These ROVs are commonly used for maintaining marine
infrastructure, collecting samples for scientific research, or other duties that require physical
interaction with an environment. Well-known ROVs that can be considered work-class due to
their tooling are ROV Jason (Figure 1.7) and ROV Hercules (Figure 1.8), both of which are used
for scientific research and exploration [10, 12].

Figure 1.7: ROV Jason being lowered into the water for an operation (used without permission)
[10].
6

Figure 1.8: ROV Hercules exploring a German submarine wreck (used without permission)
[12].
Inspection-class ROVs do not require as much tooling, as their primary purpose is to
visually inspect an environment or structure using various cameras and sensor arrays. Due to
their purpose, inspection-class ROVs can be smaller, lighter, and more streamlined than their
work-class counterparts. This allows ROVs to more easily move around and scan areas that need
inspection such as geological formations, areas of biological interest, and marine infrastructure
11]. Companies such as Oceaneering, SeaBotix, and Teledyne all sell inspection-class ROVs of
different sizes. Oceaneering’s mid-sized Spectrum ROV can be seen in Figure 1.9.

Figure 1.9: Oceaneering’s Spectrum ROV (used without permission) [13].
7

Outside of industrial use, hobby-class ROVs are an emerging category which consists of
low-cost and smaller sized ROVs. These ROVs are designed to be used by citizen scientists,
hobbyists, or small businesses who need an affordable alternative to larger industrial-level ROVs
[14]. Two popular hobby-class ROVs available on the market today are BlueROV2
manufactured by Blue Robotics (Figure 1.10) and Trident, an underwater drone sold by Sofar
Ocean Technologies (Figure 1.11) [15, 16].

Figure 1.10: BlueROV2 (used without permission) [15].

Figure 1.11: Trident (used without permission) [16].
Many ROVs are often far too large and heavy for humans to easily maneuver them off
and onto launch vessels, so launch and recovery systems (LARS) are required to achieve the
necessary lifting and maneuvering strength. LARS extend the ROV past the edge of the ship to
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distance the ROV from the hull, which prevents collision accidents and damage with the hull.
These larger ROVs also require a dedicated Tether Management System (TMS) to ensure that
the long tether does not break or become too twisted. These are often controlled by a computer to
automatically feed more tether out or draw it back in. Overall, without a LARS or TMS,
industrial ROV launches would be impossible, and tether management would be extremely
challenging. While smaller-scale ROVs exist, smaller-scale LARS and TMS are rare due to a
lack of necessity. Despite this, deployments with mid-sized ROVs by hand can still be very
challenging and may require several people leaning over the water from a small boat for launch
and recovery. Figure 1.12 shows the launch of the ROV Triton with the assistance of a LARS
system.

Figure 1.12: ROV Triton (courtesy of the RSL).

1.1.2 SCU RSL
SCU’s Robotics Systems Lab (RSL) has a fleet of ROVs that range in capabilities. The
first ROV created by SCU students is Triton, which has gone on multiple observation and data
collection missions in Lake Tahoe supporting research by both the United States Geographical
Survey (USGS) and the Monterey Bay for the Monterey Bay Aquarium Research Institute
(MBARI) [16] It is the RSL’s largest ROV measuring 4 ft x 4 ft (1.2 m x 1.2 m) and weighing
250 lb (110 kg). It runs on 240 VDC and can operate at depths of up to 2000 ft (610 m). Triton’s
benefits include long operation times granted by power over tether, room for additional tooling,
9

and increased depth range. Because Triton is a much larger and more complex system, it does
require additional safety training to work with the high-power electronics, 5 people to deploy and
recover, and additional equipment for operation.
Tessie (Figure 1.13) is another ROV created by SCU students, but at a much smaller
scale. Tessie is around 2 ft x 2 ft (0.6 m x 0.6 m) and has a depth rating of 500 ft (150 m) [17].
With Tessie’s smaller size, there is less room for tooling, but it only requires two people to
deploy and recover instead of five. Another ROV similar in size to Tessie is the BlueROV2
which is an off-the-shelf ROV with a depth rating of 300 ft (90 m) [15], also requiring two
people to deploy and recover. Both ROVs are battery-powered and do not require additional
equipment as Triton does. Tessie and the BlueROV2 trade larger depth ratings and tooling
options for portability and ease of use.

Figure 1.13: ROV Tessie (courtesy of the RSL) [16].
Nautilus (Figure 1.14) is the middle ground between the previously mentioned ROVs. It
is about 20 years old and has largely been used to conduct geological research in Lake Tahoe
with organizations like USGS.

10

Nautilus is 3 ft x 2.5 ft x 2 ft (0.9 m x 0.8 m x 0.6 m), and currently weighs a total of 180
lb (82 kg), including its 50 lb (23 kg) of ballast. Due to its large foam buoyancy block and
aluminum frame, it’s ballast weight can be exchanged for payloads and tooling weighing up to
50 lb (23 kg). Nautilus is also battery-powered with the tether only containing communication
and video lines, making its system layout similar to Tessie and the BlueROV2.

Figure 1.14: The upgraded ROV Nautilus, circa spring 2021.

1.1.3 Review of Literature & Existing Products
Launch and recovery systems (LARS) for mid-sized ROVs like the ones owned by the
RSL do not exist. LARS are built and offered at an industrial scale and are designed to handle
6000+ lb (2700+ kg) work-class ROVs, which means they would not fit on a 24 ft (7.3 m)
pontoon boat. However, LARS features can still serve as a starting point for a small-scale
adaptation. An example of one of these systems is shown in Figure 1.15. While 100 lb (45 kg)
ROVs are still difficult to maneuver, launch, and recover, the RSL still deploys and recovers
them by hand. A new tool like the one in Figure 1.15, but smaller, will increase safety during
missions and make the launch and recovery process easier for the RSL.
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It is important to note that some problems that large-scale LARS designs must address
are often not a problem for smaller-scale operations. For example, a smaller ROV might be
easily reachable from the boat’s deck such that a winch could be latched to it by hand, whereas it
may be impossible for a human to reach an industrial ROV at the surface of the water from the
deck of a ship. Still, LARS can be improved simply in their miniaturization, which will broaden
the range of use of such systems to smaller independent research missions like those performed
by the RSL.

Figure 1.15: An industrial commercially available LARS (used without permission) [18] with
human figure for scale.
Many industrial ROVs have a Tether Management System (TMS) which controls how
much of the tether is exposed. This ensures that the tether has a smaller chance of tangling,
twisting, or breaking. The LARS in Figure 1.15 includes a TMS, which is the spool of yellow
cable and its associated electronics. Automated TMS are also limited to industrial scale in the
commercial market, however smaller spools exist for hobby-class ROVs. These spools are often
spooled by hand, but they also have potential to be automated. In most hobby-class ROVs, there
is a considerable drag factor produced by the tether being pulled through the water. While this
may have a negligible effect on industrial ROVs with high powered thrusters, the performance of
hobby-class ROVs can be greatly reduced by this effect. If any addition is made to existing tether
spools, a helpful modification could be to motorize the manual spool and implement a closedloop control system to automatically reduce drag created by the tether and reduce tension on the
tether while also preventing tangles from developing.
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Automation of ROV navigation is also not uncommon, especially for ROVs that travel
near the bottom of bodies of water. Though it is most common and has most utility for AUVs, it
still has many practical applications for ROVs. It is useful to have controls for bottom-following
(maintaining a constant height above the underwater terrain) so that the pilot can focus mainly on
searching for features of interest instead of also manually making sure the ROV keeps a good
distance from the terrain.
Since our stakeholders include the RSL itself as well as world-class researchers who
utilize the RSL’s ROV fleet, the RSL’s Tessie and BlueROV2 are of particular interest. The
BlueROV2 is a popular customizable ROV kit made by Blue Robotics whose products are used
by scientists and hobbyists throughout the field. Tessie is a custom ROV built by past SCU
students and is still deployed for missions today. Potential opportunities for expansion to the
RSL’s underwater capabilities with ROV Nautilus include:
● Integration of automatic position control (depth and/or heading)
● Implementing a GUI for ROV control and a low-latency video system with built-in
Heads-Up Display (HUD)
● Increasing power efficiency and capacity for longer operation times
● Increasing durability of the ROV by strategically placing delicate components within the
safety of the rigid frame structure
● Make future add-ons, such as manipulators or sensors, easy to implement for future teams
● Make retooling the ROV easy and modular for mid-deployment changes

1.1.4 Statement of Goals
Until recently, the outdated ROV, Nautilus, owned by the RSL, did not take advantage of
recently developed technologies and was incompatible with the RSL’s operation methods and
needs. As we received it, Nautilus was essentially a box of parts and frame––unassembled and
unwired. In order to make the ROV relevant for future research and exploration through the
RSL, it required system modernizations, several design changes, machining, electrical planning,
wiring, and assembling.
While an on-board computer had been partially programed for Nautilus, it had not been
fully integrated. In addition, the previous system did not include any control systems to automate
aspects of piloting. Feedback control systems could enable heading, depth, and altitude lock,
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which would increase the efficiency of marine research missions. Nautilus is also expected to
operate from a new RSL-owned pontoon boat. However, deployment of the heavy and bulky
Nautilus by hand over water is a difficult and risky task.
The goal of the team was to modernize the ROV Nautilus-ship system in order to develop
an integrated product that encompasses the needs of both underwater ROV operations and shipside deployment and recovery methods.
For ROV Nautilus, we extended a prior team's retrofit plans and rebuilt and redesigned
parts of the Nautilus using new parts and components. We reconfigured the thrusters, installed
various telemetry instruments and an on-board computer, and extended the operation time of the
ROV. We also developed a distributed control system with automated on-board control and a
ship-side pilot interface with advanced capabilities. For the pontoon boat, we designed a
removable and minimally invasive launch and recovery system to support safe and efficient
deployment and recovery of ROVs up to 200 lb (90 kg), which would make the pontoon boat a
safe and effective ROV deployment, operations, and recovery platform.
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2. System-Level Analysis
2.1 System Design & Subsystem Identification
The overall goal for this project is to provide a deployment-ready ROV with closed-loop
control capabilities and a LARS. The Nautilus project can be organized into three distinct
subsystems and areas of work.
1. Extend a previous teams’ retrofit plan for Nautilus ROV by reconfiguring the thrusters,
implementing various telemetry instruments, installing an on-board computer, and extending
the operation time of the ROV.
2. Develop a distributed control system to aid pilot control with automated on-board control
options and a ship-side pilot interface with advanced capabilities.
3. Design and install critical elements to support safe and efficient deployment and recovery of
Nautilus. These elements could consist of a removable and minimally invasive launch and
recovery system and a tether-management system.
On a mission, these three subsystems work together to help researchers and scientists observe the
sea floor and collect samples and data for scientific analysis later.

2.2 Customer Needs
In order to understand the nature of the project, we conducted several interviews with
customers and stakeholders. They have provided crucial information guiding the design process
and give us a better understanding of what the product should accomplish.

2.2.1 Customer Responses
Four main customers and stakeholders were interviewed to gain an understanding of what
the project should accomplish. They are the following:

15

Dr. Christopher Kitts
Dr. Christopher Kitts is the main customer of the project. He is a professor at SCU and is
the Director of the Robotic Systems Laboratory at SCU. He provided the funding and general
problem statement for the project, so he is the foremost customer. His position as director also
means that he best understands how the ROV would be useful to the RSL and other researchers.
Dr. Michael Neumann and Thomas Adamek
Dr. Michael Neumann and Thomas Adamek are both visiting scholars and have plenty of
experience operating ROVs with the RSL. They have a good understanding on what ROV
missions look like, so they are good references for practical knowledge of problems that may be
encountered during missions. Thomas Adamek is specifically familiar with the pontoon boat
used for Nautilus deployments.
Dr. Geoff Wheat
As a researcher and scientist at MBARI, Dr. Geoff Wheat understands how scientists use
ROVs and the information they collect. This makes him a very useful contact since he can give
pointers on what features and designs would benefit scientists. He also has plenty of experience
working with the RSL, and his knowledge about ROV missions can prove helpful for other
aspects of our design.

2.2.2 Customer Questions
There were a few questions we asked all customers in order to get a broad view of the
ROV operations. These questions were created to extract general information about each
customer’s experience with ROV missions.
Other customer-specific questions were directed at understanding how each customer
may be impacted by our design choices. Questions about usability were directed at Thomas
Adamek, Dr. Kitts, and Dr. Neumann, who had experience going on ROV missions and may use
Nautilus in the future. Questions regarding modifications to the pontoon boat were directed at
Thomas Adamek, who had the most experience with the boat itself. Lastly, questions about
tooling and what sort of data the ROV would collect were directed at Dr. Wheat, since he would
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know best what sort of data a scientist would want from ROV missions. Appendix A contains a
detailed list of the questions asked to each customer and the customer responses.

2.2.3 Analyzing Customer Responses
After taking notes on customer responses, we created a list of customer needs that
accurately reflected the customer’s desires which can be found in Table 2.1. Each customer's
needs were rated with a number between 1 and 3 (1 being highest priority, 3 being lowest),
indicating the relative importance customers communicated of each.
After doing this analysis, we noticed that reliability and robustness were a high priority
among all of the customers. Since ROV missions are costly in terms of time and money, a
system failure could have significant financial implications. In addition, any solution must be
able to function properly and safely in varying weather and water conditions. The customer need
labeled in Table 2.1 as “CN-T4” is related to safety, however a more detailed safety and hazard
analysis for fabrication, assembly, and operation is included in Appendix D: Hazard Assessment.
Table 2.1: Customer needs, numbered and ranked.
CN #

Customer Priority
Ranking

Needs
Topside / LARS

CN-T1

Make tether management easier

3

CN-T2

LARS and TMS will be reliable in missions

1

CN-T3

The tether management system reduces the risk of the tether breaking

3

CN-T4

The ROV can be deployed easier, faster, and safer than before

1

CN-T5

Total mass on the pontoon boat stays within the boat's weight limit

1

CN-T6

Systems are minimally invasive to the boat

1

ROV Nautilus
CN-R1

Better control of the ROV

1

CN-R2

ROV structure is robust and reliable

1

CN-R3

The ROVs battery lasts long enough for typical missions

2

CN-R4

The ROV is easy to store and transport

3
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2.3 Product Specifications
To ensure that the project fulfilled the desires of the customers, a list of quantifiable
specifications was created. The results from testing can be compared to the list to define the
success for our project. These specifications have been derived from both the customer needs
and an analysis of other similar products’ features. The customer needs motivated what types of
specifications were needed for this project. Factors such as reliability, safety, and ROV
maneuverability were highly valued, so we assigned higher value to specifications related to
these topics.

2.3.1 Benchmarking
In order to create specifications that are feasible and relevant to the current market, we
decided to look at the specifications of similar systems.
Table 2.2 consists of collected data on three relevant ROVs in use today. The BlueROV2,
made by Blue Robotics is one of the most popular hobby-class ROVs and serves a wide range of
purposes, including underwater research, inspections, and search and rescue. Tessie is a custommade ROV used for education and scientific research. The SCU RSL currently owns both a
BlueROV2 and Tessie. The Seabotix vLBV300 is used for inspection as well as underwater
infrastructure work. Data ranging from ROV size to performance capabilities is amalgamated in
Table 2.2 below to provide a clear idea of current market solutions’ capabilities.
Table 2.2: Comparison of Current Industry Consumer-Grade ROVs (images used without
permission)
Feature

BlueROV2 [15, 19]

Tessie [17, 20]

ROV Image

18

Seabotix vLBV300 [21]

Dimensions
(LWH) [in]

18 x 13.3 x 10
(45 x 33.8 x 25 cm)

28 x 23 x 12
(71 x 58 x 30 cm)

24.6 x 15.4 x 15.4
(62 x 39 x 39 cm)

Air Weight [lb]

20-24 (9-11 kg)

47 (21 kg)

39.9 (18.1 kg)

Water Weight/
Buoyancy [lb]

0.5-3 (neutral-slightly
buoyant)
(0.23-1.4 kg)

Not listed (slightly
buoyant)

Not listed

HDPE, Aluminum,
Acrylic

HDPE, PVC, Delrin

HDPE

330 (100 m)

500 (150 m)

1000 (300 m)

Max Forward Speed
[knots]

3
(1.5 m/s)

~1.2
(0.6 m/s)

3
(1.5 m/s)

Thrusters (type + #)

BR T200 x 6-8

Seabotix x 4

Seabotix x 6

Thruster
Configuration

4 vectored + 2-4
vertical

2 back (tank drive) + 2
vertical

4 vector + 2 vertical

Forward Thrust [lbf]

20 (1100 N)

12.8 (56.9 N)

40-50 (180-220 N)

Vertical Thrust [lbf]

16 (71 N)

Not listed

19.8 (88 N)

Lateral Thrust [lbf]

20 (88 N)

N/A (tank drive)

16.2-33.5 (72-149 N)

Tether Length [ft]

80-980 (24-300 m)

500 (150 m)

820 (250 m)

Tether Strength [lbf]

100 (445 N)

160 (712 N)

220 (980 N)

Camera Resolution

1080p digital, USB,
low light

570 TV lines

650 TV lines

Camera FOV [deg]

80 horizontally

130 horizontally

65 diagonally

Tilt Range [+/- deg]

+/- 90 vertically

0 (static)

+/- 90 vertically

3DOF gyroscope,
3DOF accelerometer,
3DOF magnetometer,
barometer, depth/temp,
current/voltage, leak
detector

Magnetometer,
depth/temp, compass

Heading, depth/temp,
pitch, roll

2-3hrs w/
14.8V, 18Ah, Li-ion

>1hr w/
24V, 10Ah, LiPo

N/A Powered over tether
(85-265VAC, 3300W)

$2989-4939

$7546.24

Not listed

Materials
Max Depth [ft]

Sensors

Battery Life
[hrs w/ type]
Cost
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Table 2.3 contains collected data on several relevant LARS solutions. The first LARS
system is made by Okeanus and consists of an A-frame with a pivoting winch. The entire
assembly can fold over itself flat, making it easy for transport as well. The second system, made
by SAAB Seaeye, is like the first but has a built-in ROV cage designed to go underwater, and an
underwater TMS. The last system is also made by SAAB Seaeye but is more like a crane. The
solution is ideal if the ship has less deck space. LARS systems are typically used for large ROVs
that can weigh up to 5 tons (4500 kg). The pontoon boat would likely sink under the size and
weight of these LARS. However, they are useful to inspire designs for smaller-scale LARS.
Table 2.3: Comparison of Current Lifting Solutions (images used without permission)
Okeanus ROV
Handling System [18,
22]

SAAB Seaeye AFrame LARS and
TMS [23]

SAAB Seaeye Crane
Based Lars and
TMS [24]

Rock-Hulk 1100lb Folding
Truck-Mounted Crane [25]

Standard A-Frame

Standard A Frame

Pivoting Crane

Manually Pivoting Crane
(with friction brake)

TMS built-in

TMS built-in

TMS built-in

No TMS

Docking head tilt
function

Uses a taught tether
as guide for custom
latching mechanism

LARS Provides
compensation for
surface-vehicle height
variations

To-scale, lightweight, viable
mounting option (baseplate),
easy to implement

Too large for
application

Not corrosion resistant (will
not last long in marine
environment)

Includes ROV cage
and underwater TMS
Too large for
application

Too large for
application

Pivoting motion not powered
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Commercially available lifts designed for mounting on the bed of a pick-up truck seemed
to have the best suited for our team’s situation. These were designed to move heavy objects from
the ground to the truck-bed (and vice versa) – a good analog to the purpose of our own LARS.
The 4th item shown in Table 2.3 is one of these lifts. The typical lifting capacity of a truck-bed
crane is similar to that required by our LARS. A downside, however, is that these cranes are not
designed with marine-grade hardware. While they are designed to hold up to regular outdoor
weather, an ideal solution would be designed with corrosion resistance as a high priority. A
custom LARS system could be loosely based these types of commercial products, while
improvements could be made in providing a more suitable and customized solution for the RSL’s
specific use-case. A potential improvement to standard truck-bed lift designs would be to power
the pivoting motion with an electric motor. With proper electronics, the motor could also be used
as an electric braking system to damp motion while preventing swinging.

2.3.2 List of Requirements
Based on the constraints and customer needs from Table 2.1, we developed the list of
requirements shown in Table 2.4 and Table 2.5. Each requirement references one more customer
needs to make it easy to track the priority and purpose for each requirement. Note that some
customer needs listed describe operational safety requirements, and the requirements devised
will increase safety based on the customer priorities. In many ways, just the existence of a
LARS, will reduce hazards. It is meant to replace the process of reaching over the boat and
hauling in a roughly 80 lb (36 kg) ROV by hand, which is a dangerous process. Also, some of
the requirements, such as the minimization of involved crew members, will lead to a safer launch
and recovery process. Other safety considerations will include manufacturing, assembly,
operation, and storage procedures and precautions, and are outlined in Appendix D.
Based on the current methods and specifications involving Nautilus, we developed
“current specs” for each requirement to serve as a control or starting point when applicable. The
market datum factors in market research, including information learned via interviews and
reviews of existing products. Based on the current specs, the market datum, and customer needs
priorities, we assigned target ranges for each requirement. Requirements, including their units
and target ranges were chosen such that it would be possible and easy to objectively verify the
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fulfillment of these goals. ROV power requirements, such as voltage and amperage, are
derivative of performance specifications, such as speed.
Since we are not designing or fabricating a tether, no tether requirements are listed. We
will use a commercially available tether. The TMS is not a major priority for our customers and
manual tether spools are commercially available, so TMS requirements mostly fall on the
purchased spool. We did not list design requirements for spool-related specifications.
Since closed-loop control systems are generally not made for hobby-class or commercial
ROV, there are not many standard values for the error of such as system. It is generally found in
more industrial ROVs, and the allowable error can vary based on the particular needs of the
ROV. One which is designed to follow the underwater terrain within 3.3 ft (1 m) requires much
more precise controls than one which can follow from a distance of 16.4 ft (5 m). With heading,
the desired allowable error can also vary. Because of this, the team went with the values given
directly by the stakeholders during the interviews.
Table 2.4: Product Design Specification (PDS) for ROV Subsystems
ROV Nautilus
Units

Current
Specs

Market
Datum

Target Range

CN #

ROV has heading lock
PR-R1 capability accessible
from GUI

degrees

none

±2

±5

CN-R1

ROV has altitude lock
PR-R2 capability accessible
from GUI

% of
altitude

none

±1%

±1%

CN-R1

ft

none

±0.0065
resolution

±1 (±0.3 m)

CN-R1

PR #

Requirement

ROV has depth lock
PR-R3 capability accessible
from GUI
PR-R4

ROV can operate at
proper depth

ft

400
(120 m)

330-1000
(100-300 m)

1000
(300 m)

CN-R2

PR-R5

ROV has adequate
translational speed

knots

1.7
(0.87 m/s)

Fwd: 3
(1.5 m/s)

1.5
(0.8 m/s)

CN-R1, CNR3

PR-R6

ROV has adequate
descent speed

knots

0.9
(0.5 m/s)

1.0
(0.5 m/s)

1.0
(0.5 m/s)

CN-R1, CNR3
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Table 2.5: Product Design Specification (PDS) for Topside Subsystems
Topside / LARS
PR #

Requirement

Units

Current
Specs

Market
Datum

Target Range

CN #

PR-T1

Tether management
requires 1 person or less

# of people

2

1

0-1

CN-T1,
CN-T4

PR-T2

Fewer people needed for
launch and recovery

# of people

2

2

1-2

CN-T4

PR-T3

Faster launch and
recovery process

min

2

N.A.

1-2

CN-T4

PR-T4

Design stays within boat’s
weight limit

lb

200
(91 kg)

N.A.

200 (91 kg)

CN-T5

PR-T5

Does not block driver
vision

Y/N

N.A.

N.A.

Y

CN-T4

PR-T6

Time to remove and
install

min

N.A.

N.A.

5

CN-T6

Y/N

N.A.

Y

CN-T4

LARS range of motion
PR-T7 remains outside the main
crew area

N.A.

PR-T8

TMS can spool effective
tether length

PT-T9

LARS runs within limits
volts / amps
of on-board power supply

ft

600
(180 m)
12 / 100

150-1000
> 600 (180 m) Constraint
(46 - 300 m)
N.A.

12 / 100

Constraint

2.4 System Overview
The system has several working parts. The first is an ROV with a longer mission life,
improved thruster efficiency, and an on-board computer capable of closed-loop control features.
The second is a distributed control system with an advanced pilot interface. Lastly, the system
includes a LARS system installed on the pontoon boat, able to launch and retrieve the ROV
safely and efficiently.

2.4.1 Mission Overview
The Nautilus system consists of both topside and ROV designs and features to create a
reliable, user-friendly method of conducting ROV missions. Figure 2.1 is an overview diagram
depicting the Nautilus-ship system.
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Figure 2.1: A diagram demonstrating the Nautilus-ship system’s usage.
The ROV is deployed using the LARS system to reduce strain and danger to the team
running the operation. The ROV is then piloted using the GUI down to the desired location.
During this process, the TMS will allow a user to control the tether length to avoid excess
tension caused by not enough tether being deployed and excess drag caused by too much tether
being deployed.
When Nautilus is at the desired depth, the user can utilize both fixed heading capability to
lock a direction of travel for the ROV and fixed altitude capability to remain at a set distance
from the underwater floor. If any operations will take place too far above the underwater floor
for the altimeter to sense it, depth control can be implemented using the pressure sensor.
Once the mission has been completed, the pilot maneuvers the ROV back to the surface
near the boat. From there, the crew can use the LARS to retrieve the ROV from the water and
bring it back on the boat, thereby completing the mission.
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2.4.2 Functional Analysis
A functional analysis helps define and organize all the functions that the Nautilus system
requires. These functions derive their purpose from the main customer needs. The functions of
this system are graphically displayed in Figure 2.2.

Figure 2.2: A function tree diagram for the Nautilus system.
The Nautilus system can be split into both the ROV itself and the LARS, for functional
analysis purposes. The ROV functions generally take in a user command as an input, and after
being processed by the control system, it translates it into commands to the ROV thrusters. These
commands are to either to rotate/translate the ROV in response to joystick controls, lock a
heading, lock an altitude, or lock a depth.
There are also a few key functions the LARS must perform. It first and foremost must be
able to support the ROVs weight. It must also be able to respond to user control input by rotating
or lifting/lowering the ROV. Lastly, it must dampen the possible swinging of the ROV on
rougher waters.
There are several other subfunctions, but our team found that this analysis was enough to
start creating conceptual designs. Other functions would serve to support the previously
mentioned ones.
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There are a few constraints under which the ROV Nautilus subsystem must operate. All
components of the ROV must be able to fit within or on the aluminum frame. Creating a new
frame is outside the scope of this project, so the existing one must be utilized. Also, Nautilus
must always remain slightly positively buoyant. This will limit what can be added to Nautilus
and must always be kept in consideration.
The LARS also has several constraints. One is the amount of space available on the
pontoon boat. While we did not have direct access to the boat, it was estimated that the LARS
could occupy roughly 3 ft x 6 ft (0.9 m x 1.8 m). Also, the LARS cannot be too heavy and must
stay within the weight limit of the pontoon. We did not anticipate the LARS being much heavier
than an average person, but regardless, this constraint must be considered.

2.4.3 Tradeoff Analysis & Rationale
After brainstorming several ideas, our team used a decision matrix to compare design
ideas as they related to several important measures. See Appendix B1 to see brainstorming
concepts and Appendix B2 to see the decision matrices.
Based on customer needs, design requirements, and other restrictions, our team
developed a list of criteria for each major subsystem and weighted each criterion based on
projected importance. Criteria that were inherently related to safety were rated the highest,
followed by customer needs and improvement-based opportunities, followed by cost factors,
such as design complexity and time and cost to manufacture.
For each concept, estimated ratings were assigned for each criterion and a final score was
calculated. It is important to note that due to the uncertainty in estimating and predicting physical
outcomes, the results of this type of a decision matrix are relatively inconclusive, however the
results provide a unique cost-benefit perspective regarding customer needs and our team’s own
design considerations. Complex ideas that might seem novel, innovative, or useful could end up
with a rating similar to, or lower than, simpler ideas that could fulfil the customer needs to a
similar degree. We found this to be the case with the relatively complex four-bar idea.
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2.4.4 Layout & Section Level Design
In our larger ROV-ship system ROV Nautilus functions as the primary tool for scientists
to conduct research, collect valuable samples, and explore beneath the waves. Nautilus consists
of several different major components that each contribute specific and necessary functionalities
to the ROV system. Figure 2.3 and Figure 2.4 are diagrams of the major mechanical parts of
Nautilus.

Figure 2.3: ROV Nautilus’ general mechanical systems layout.
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Figure 2.4: Angle view of ROV Nautilus’ mechanical systems layout.
Structurally, the ROV consists of an aluminum frame to which everything else is
mounted and a foam and fiberglass buoyancy block (transparent red). The ROV’s propulsion
system consists of four translational vectored thrusters and four vertical thrusters allowing
movement in 4 directional axes. A cylindrical aluminum pressure housing holds all the onboard
control electronics while a longer aluminum housing holds three batteries delivering power to the
system. Finally, a triangular lift plate secures an eyebolt to the frame, creating a secure point
from which to lift the ROV with a LARS.
Another main subsystem of Nautilus is the operating software, which must allow for
proper communication between the topside computer and the onboard computer. Figure 2.5
shows the relationship between the top and bottom side software.
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Figure 2.5: Basic software diagram [26].
The control system consists of two main loops, the topside loop and the subsea loop.
The topside loop takes in user inputs and the return message from the subsea loop. With these
inputs, the topside loop updates the GUI for the user and generates a message to send down to
the subsea loop. The subsea loop takes in the message sent down from the topside loop and
parses the message into commands for the thrusters, camera, and sensors. The subsea loop then
sends a message to the topside loop containing sensor information.
The general control system is another component of Nautilus. Figure 2.6 shows the
overall structure of the ROV control system. Color coded green is the GUI (Graphical User
Interface) system which takes input from the interface as well as controller inputs to generate a
control string. The GUI also sends the control string down the tether to the subsea system (blue)
which parses the control string to inputs for the thrusters and other ROV components. In
addition, the subsea system generates and sends a return string containing sensor information.
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Figure 2.6 Advanced software and component diagram [26].

2.5 Team & Project Management
While a large part of this project is the analytical and technical aspect of design, attention
must be given to the administrative and organizational aspects of our team to ensure that we
work together efficiently and that goals are met. Non-technical challenges of the project, such as
the budget, time management, and risk mitigation are vital and must be addressed.
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2.5.1 Budget
It is important to keep in mind that any engineering solution our team plans to create
costs money, and the budget is a large factor in how much money can be spent on a solution. For
this project, $2,000 was given from the school undergraduate department, and an estimation of
$3,000 will be given from the RSL. The funding from the RSL does not have a hard cutoff, but
for the purposes of setting a guideline for the project, Dr. Kitts estimated that it would provide
roughly $3,000. A brief description of our initial funding proposal budget can be found in Table
2.6. This is an oversimplified version of the budget, but a more detailed budget and cost analysis
can be found in Chapter 12.
Table 2.6: Budget Allocations
Subsystem

Funding Allocated

ROV Nautilus subsystem

$1875

LARS subsystem

$1301.59

TMS subsystem

$909.00

TOTAL

$4085.59

Note that the total cost does not add up to the $5,000 requested. The current budget only
reflects the costs of the first iteration of the system. It is likely that there will be future costs for
improving the first iteration, though these are not very predictable. Therefore, it is reasonable to
leave approximately $1,000 unallocated to cover any unpredicted costs in the future.
It is also important to note that much of the money allocated to the LARS has remained
unspent, since our group did not purchase materials, pay for machining, or purchase components.
Still, that amount of money serves as an approximate cost of the LARS for a future team.

2.5.2 Timeline
To ensure that the project continues in a timely manner, we created a timeline. This
provided dates for key aspects of the design and are organized in such a way to provide ample
time for each phase of the design process.
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The Fall Quarter was reserved for familiarization of the project and initial conceptual and
analytical work. The deliverables from Fall Quarter are preliminary, small scale prototypes to
work as a proof-of-concept. Winter Quarter focuses on producing a functional prototype based
on the conceptual work done in the previous quarter. The main deliverable from Winter quarter
is the first functional prototype of each subsystem. Lastly, Spring Quarter is the final phase of the
design process, in which testing and iteration results in a finalized design.
While a complete timeline in the form of a Gantt Chart can be found in Appendix C, a
cursory summary of the main milestones and goals of the project are outlined in Table 2.7. The
Gantt Chart was made using Excel, and progress was tracked through that spreadsheet.
Table 2.7: Key Milestones of Project
Date

Description

10/20/2020

Finalize Funding Proposal

11/6/2020

Concept Selection

12/11/2020

Small-Scale Prototype of LARS

2/5/2020

Finalize LARS Design and System Simulations

3/12/2020

Create First Functional Prototype of Each Subsystem

4/16/2020

Complete Testing

4/30/2020

Finalize Design

5/2020

Complete Draft of Thesis

It is important to note that while this was the original plan, there were a few issues related
to COVID-19 that disrupted these plans. The most significant of these is that our team had
limited access to SCU’s machine lab and Robotic Systems Lab. This made us unable to machine
and assemble the LARS before having to shift into the testing phase, which is why the LARS
was never constructed or machined.
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2.5.3 Design Process
Our design process reflects our goals and requirements. Reliability was ranked as the
most important quality after safety by customers. Therefore, the design process must allow us to
effectively design systems with fewer failure points and prototype and test systems extensively.
Our concept selection process outlined in Section 2.4.3 factors in reliability from the
start. Our team chose ideas that inherently would reduce risk of injury or damage while also
being relatively simple. In order to design a reliable and complex system, a designer or design
team must extensively test the product in many configurations over time to validate many
individual design decisions. Since our team’s project timeline is inherently very short, choosing
simpler ideas that are easier to test and validate was important.
After brainstorming and concept selection comes detailed sketches, CAD, and simulation,
which can also be accompanied by rapid prototypes to validate minor concepts. Designing in
CAD helps to mitigate interference problems as well as give engineers a visual representation of
the real system. Many design problems can be weeded out in the CAD stage. Simulations can
help estimate parameters, such as dimensions, material selections, and basic weight reductions.
In future steps, simulations can help optimize these parameters, however due to the timeline for
this project and the importance of reliability, simulations will be used as a baseline.
Perhaps the most important steps in developing this product will be the prototyping
phase. Design problems can become very apparent, even in small scale prototypes, and
opportunities for improvement can be found. Individual subsystems as well as whole systems can
be prototyped to gather as much information as possible.
Based on all gathered information from testing, a final design can be manufactured. It is
important to note that it is always a good idea to design with modularity and future upgrades in
mind. A final product for the team may be the starting point for a future senior design team. In
effect, given the timeline and personnel, it is difficult to produce a “final product,” and as such
we will be developing the minimum viable product given our team’s constraints. The final
design that ends up on the pontoon boat will be in effect a fully functional prototype that will
mark the end of our team’s senior design journey. Proper documentation of this “prototype” is
important, and modular systems can be integrated into the design such that upgrades to the
system can easily be designed and implemented in the future.
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2.5.4 Risks & Mitigation
Before starting work, we thought about the different hazardous situations that could occur
during product manufacturing, assembly, testing, and transportation. These included situations
that would be hazardous for both people and the equipment. After collecting the possible
hazards, our team developed plans to reduce the probability of accidents occurring and plans for
how to handle hazardous situations. The full list of possible hazards and our team’s plans for risk
mitigation is included in Appendix D.
Some of the main hazards regarding the manufacturing and assembly of the products
were handling power tools, using machining equipment, and wiring electrical components.
Severe bodily damage could occur as a result of a machining accident or electrocution through
careless wire work. To mitigate the risks of these activities, we plan on always working with at
least one other member nearby and following proper machine shop safety protocols like wearing
PPE and appropriate clothing. For working on electronics, a clean and dry space will be
maintained so as not to damage any components or create distractions.
Some of the main ROV-based operating hazards we worked to mitigate included
electrical components near water, thruster blades, Li-ion batteries, and ROV loss prevention. To
mitigate the risk of water destroying the electronics inside the ROV, watertight containers will be
double checked before deployment and dried off after recovery. Also, leak sensors will be placed
inside each major container to immediately alert users of leaks. To reduce the risk of thruster
blades injuring users, the ROV thrusters will be powered off while on deck or near people.
Warning lights and communications will also clearly indicate the status of the thruster system to
all nearby users. Vertical thrusters will also be mounted on a retractable assembly, allowing the
ROV to be stored in a compact and safe fashion. To prevent the onboard Li-ion batteries from
leaking or catching fire, the batteries will be transported in LiPo bags and metal boxes and
inspected immediately before deployment, as is SCU’s LiPo policy. Anyone handling the ROV
batteries will also be required to take the RSL’s safety course on battery handling and operate
according to proper procedures. Should a battery fire start, an ABC/BC fire extinguisher for
electrical fires will be included with deployment equipment and operators will distance
themselves from the ROV. In the event of power or communication failure, the ROV should
freely float to the surface for recovery due to its slightly positive buoyancy.
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Some of the main LARS-based operating hazards we worked to mitigate included the
LARS’ motorized movement near people, the possibility of the ROV swinging from the crane,
and the winch system. To prevent people from getting injured by the motorized crane, people
must maintain a safe distance of 3 feet from the LARS’ range of motion. This space will be
marked with yellow tape and emergency shutoff controls will be easily accessible from a
distance. To reduce the risk of the ROV swinging while in the air, a small pyramid-like structure
will be used to stabilize the ROV when it is fully lifted against it. The winch system can be
hazardous to people if something gets caught in any of the moving parts or if the cable snaps
suddenly. To reduce the risk of injury, moving parts will be shielded from open access and
warning labels will be placed near dangerous spots. Also, the cable will be designed to withstand
loads much greater than the ROV and tension in the cable will be monitored to prevent over
stressing it.
Given the circumstances involving the COVID-19 pandemic, our team will operate in
accordance with all university COVID protocols both on and off campus. If meetings are to
occur, team members will seek testing and quarantine before working together. While working
together, social distancing will be observed, masks will be worn, and surfaces will be sanitized
before and after use.

2.5.5 Team Management
The responsibilities within the team are divided among the subsystems. Of the four team
members, there is one team lead and then one lead for each subsystem. The team lead provides
direction in maintaining timelines as well as providing flexible support to each subsystem lead.
Nick Ellis led the design work for the mechanical components of the ROV, Matt Kiyama led the
design work for the pilot interface and operating software of Nautilus, Nicky Castillo led the
design work for the closed-loop control system, and Trent Kelsall led the design work for the
LARS and the electrical work on Nautilus.
During weekly meetings, each subsystem lead gives updates on their progress and current
status of keeping with the set timelines. Although each subsystem has a lead, the entire team
provides feedback and input on design and timeline decisions. When making these decisions,
reviews are done by providing a list of information to our team and then discussing the tradeoffs
before coming to a decision.
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3. ROV Mechanical Systems
ROV Nautilus functions as the primary research tool in our larger ROV-ship system for
scientists. It enables researchers to record sensor data, collect valuable samples, and explore
beneath the waves. It is therefore essential for Nautilus to operate underwater for sufficient time
periods, travel to sufficient depths, be easily operable, and be compatible with our custom LARS
solution. Structurally, Nautilus consists of an aluminum frame, to which everything else is
mounted, and a foam and fiberglass buoyancy block. The propulsion system on the ROV consists
of four translational thrusters and four vertical thrusters allowing movement in four directional
axes, all mounted onto the aluminum frame. There are also two waterproofed pressure housing
that contain all batteries and electronics aboard the ROV as well as a lift plate that acts as a
hardpoint from which to lift the entire ROV. Figure 3.1 is an image of the completed Nautilus.

Figure 3.1: The upgraded ROV Nautilus, circa spring 2021.
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This year our team focused on developing ROV Nautilus as a versatile and easy-to-use
research platform. Additionally, we gave special focus to design simplicity and cost with the goal
of making components easy and cheap to replace. This meant designing parts that could be
manufactured using only band saws, drill presses, and hand tools.
Materials choices and fastener sizes were also standardized to simplify the manufacturing
process and make maintenance processes more accessible. As a result, the three materials used in
manufacturing ROV Nautilus’ components are aluminum 6061, high density polyethylene
(HDPE), and Delrin (an acetal resin). Selected for great machinability, these materials also serve
different purposes in the ROV system. Aluminum 6061, the densest of the three materials, is
used only for higher load-bearing applications and is widely used in marine applications due to
its corrosion resistance. Delrin is a thermoplastic known for its high rigidity among plastics,
making it ideal for thread tapping when aluminum cannot be used. HPDE, the least dense and
weakest of the three materials, is used for components that are not high load bearing or are
reinforced with other materials.
All fasteners are made of stainless steel 316 due to the material’s corrosion resistance
properties and frequent use in marine robotics. All bolt and screw sizes have been standardized
to three sizes: ¼-20, 8-32, and M3. Metric screws are required because Blue Robotics
components all use M3 screws. Our focus on standardizing and simplifying component designs,
will reduce project cost, manufacturing difficulty, and allow future Nautilus users to easily
replace components.
ROV Nautilus’ expanded depth rating, weight, and buoyancy properties were all
organized and tracked in various spreadsheets found in Appendix E. In one spreadsheet, we
tracked the air weight of all ROV components to find the total air weight of the ROV. We also
used data on ROV components to estimate the ROV’s buoyancy properties, allowing us to plan
for how much ballast we needed. To track and find the ROV’s maximum operating depth, we
found the depth rating of each exterior component and chose components so the smallest depth
rating would be about 1000 ft (300 m).
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3.1 Past Work
Previously, ROV Nautilus consisted of a 2.5 ft x 2 ft x 1.25 ft (0.8 m x 0.6 m x 0.4 m)
aluminum 6061 frame weldment made from 1 in square channel members. A large red syntactic
foam and fiberglass buoyancy with an air weight of almost 60 lb (27 kg) was mounted to the top
of the frame. These two components are the only surviving parts of the original Nautilus.
Last year’s development team began the overhaul and modernization process for Nautilus
by prototyping 3D-printed thruster mounts to fix Blue Robotics T200 thrusters at each corner of
the ROV. The team also made preliminary designs for pressure housings planned to contain the
ROV’s electronics, sensors, and batteries. In addition, the team prototyped a water sampler
device involving shape-memory alloys (SMA), though this tool is outside our team’s scope. A
CAD depiction of the previous team’s design is found below in Figure 3.2.

Figure 3.2: A CAD depiction of the previous team’s design for ROV Nautilus (used with
permission) [27].

Unfortunately, due to the onset of the COVID-19 pandemic, most of the physical systems
were not assembled or field tested in a completely integrated ROV system. Despite this, the
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thruster mounts and SMA tool were able to be physically prototyped and component tested.
Luckily, many off-the-shelf components like the T200 thrusters, electronics pressure housing,
and lights were ordered from Blue Robotics by the previous team, reducing the expenses for this
year. The previous team’s specifications for ROV Nautilus are included in the PDS in Table 2.4
under the “Current Specs” column. This data was useful for gauging how much work had already
been done and developing this year’s product requirements.

3.2 Thruster Layout & Mounts
When we received Nautilus, its 4 vectored thrusters and 4 vertical thrusters were each
mounted with very fragile and large mounts, some of which had already broken. While sturdy,
the vectored thrusters were stuck in a 45˚ position with 3D printed mounts. The vertical thrusters
were all mounted on the outside corners of the frame, leaving them exposed to collisions and
damage. Some of the vertical thrusters had snapped off by the time we received the ROV. Also,
the front vectored thrusters were placed directly in the way of a frame member, blocking thruster
flow and reducing Nautilus’ overall propulsion efficiency.
To increase durability, safety, and propulsion efficiency, we first redesigned the thruster
layouts with new mount designs kept in mind as well. While we maintained the vectored thruster
configuration to allow for translation in all directions in the horizontal plane and efficient
rotation, we moved the two forward vectored thrusters to the frame members behind the original
position. This not only removed the issue of the frame blocking thrust flow, but also made the
vectored thruster configuration’s top profile more square-shaped. With a square-shaped profile,
the ROV’s translational motion is more symmetrical in all directions, making Nautilus’
propulsion behavior easier to predict.
We also removed the vertical thrusters from the exposed outside corners and instead
placed them inside protective mounts closer to the center of the frame. We did this in
conjunction with plan to create retractable vertical thruster mounts for compact ROV storage,
however at the time we did not settle on a specific retractable mount design. A diagram detailing
the differences between the old and new thruster layouts is shown below in Figure 3.3.
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Figure 3.3: Nautilus’ old and new thruster layouts. Red represents old, and green is new.

After developing an improved thruster layout, we redesigned the thruster mounts
themselves to further increase durability and safety. A special focus for the mounts was creating
versatility and customizability. For the vectored thrusters, this meant developing a method for
users to adjust the thruster angles for different mission propulsion needs in conjunction with
reducing the mount sizes. For the vertical thrusters, this meant designing mounts that were
retractable in some way to allow the thrusters to be compactly and safety stored inside the frame
while allowing their thruster flow to pass unobstructed during operations.
In addition to the mounting methods themselves, a few other factors were emphasized
during the design process. These include material choice, complexity, and cost. Material choice
was of utmost importance since each mount had to be a combination of durable, manufacturable,
and ideally cheap. It was also important to find materials that were close to water in density, so
as not to drastically affect the total buoyancy of the ROV. By reducing components’ effects on
ROV buoyancy, more weight can be added in the form of payloads and tooling without making
the ROV negatively buoyant.
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Keeping design complexity to a minimum was important for reducing the number of
parts in a mount and manufacturing costs. If a part is too complex, it cannot be fabricated with
easy-to-access tools and is therefore more expensive and potentially impractical to create. For
this purpose, all mount parts were designed to be made from easily available material stock with
simple tools like bandsaws, drill presses, and various hand tools. This ease of manufacturability
also means future groups can easily replicate the mount designs to create spares or mounts for
other projects.

3.3.1 Vectored Thruster Mounts
In the spirit of versatility, our team redesigned the translational thruster mounts to be
more durable and allow easy thruster angle adjustment for different mission propulsion needs.
To ensure structural integrity and durability in the marine environment, a new material
was also chosen to replace the 3D-printed plastic, since this material is not ideal for load bearing
applications and can become distorted after absorbing water over time. Delrin was the material
chosen for the new design due to its good strength, high rigidity, favorable density and
machinability (compared to aluminum), and the material’s ability to retain tapped threads.
For the adjustability feature, a curved face with strategically spaced mounting holes was
designed and manufactured for thrusters to mount onto at different angles in relation to the front
and back of the ROV. Each thruster mount has two parts: the frame mount and the thruster plate.
The frame mount fits over the frame’s square channel members and is secured into place by two
bolts that screw into the mount itself. The thruster plate is mounted directly to the thruster via
four metric screws on the curved back of the plate. The thruster screw heads are given enough
clearance to allow the plate to smoothly mate and slide along the frame mount’s curved surface.
When placed in the desired orientation on the mount, the thruster plate is secured via four screws
into the self-aligning curved surface. Figure 3.4 is our initial CAD depiction of the mounts and
Figure 3.5 shows how the real mounts fit together. Each mount-plate pair is also specially
marked to prevent users from mixing up thrusters or parts.
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Figure 3.4: CAD model of the vectored thruster mounts.

Figure 3.5: The curved mating surfaces for the vectored thruster mounts’ mount-plate pairs.
Each vectored thruster mount has adjustable orientation angles giving users the option to
set up the thrusters in three configurations. The available orientation angles are 30˚, 45˚, and 60˚
from the front and back faces of the ROV. In the 30˚ orientation, each thruster faces more
towards the forward/backward direction of the ROV giving thrust favor to forwards and
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backwards translation. This configuration would come in handy on missions where the ROV is
expected to travel long distances.
In the 45˚ orientation, the thrusters are unbiased and favor both forwards/backwards and
side to side motion equally. This orientation is the most well-rounded and fits the needs of most
missions. For this reason, it is the default vectored thruster configuration for Nautilus.
Finally, the 60˚ orientation favors side to side motion since the thrusters are facing more
towards the sides of the ROV. This configuration would come in handy if the ROV was expected
to sweep and scan cliff faces or other geological survey areas. Images of the actual vectored
thruster mounts in different configurations are in Figure 3.6.

Figure 3.6: Translational thrusters mounted in different orientations (30˚, 45˚, 60˚, respectively).

3.3.3 Vertical Thruster Mounts
The vertical thruster mounts have also been redesigned in the pursuit of greater system
durability and versatility. The initial idea was to develop retractable mounts that protected the
thrusters from damage and could be stored inside the frame when transporting the ROV.
Several methods of retractability were considered, including drawer designs and hinged
designs. Sketches of the design candidates can be found in Appendix B. After some discussion,
the team decided to use a sliding, drawer-like mechanism to allow the thrusters to move within
the frame and extend out of the frame. This design was chosen over a hinged method because it
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would leave the lower portion of the frame open for tooling and payloads. A sketch and CAD
depiction of the drawer design are both shown in Figure 3.7.

Figure 3.7: Concept sketch (left) and finalized CAD (right) of vertical thruster mount assembly.
Once a design was settled on, we selected materials for the different components.
Strength and stiffness were two primary concerns when selecting materials and sizing
components since the mounts would have to withstand the torque created by the vertical
thrusters. To meet this requirement and reduce excessive assembly weight, aluminum 6061 was
used sparingly and only in load bearing applications like the C-channels and the drawer slider
members that hold the assembly in place. HDPE was used for spacers and the panel in which the
thrusters are mounted. To improve the stiffness of the long HPDE panel, a small aluminum Cchannel was run along the outside. Also, a small aligning brace is placed on the frame member
that sits in the middle of the panel and has two purposes. It not only acts as an alignment piece,
but also acts as the locking mechanism. The brace has a single thumbscrew that users can easily
adjust to lock the vertical thrusters into different positions. The thumbscrew is easily accessible
and does not require any additional tools for users to adjust. The completely fabricated vertical
thruster mount are depicted in Figure 3.8.
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Figure 3.8: Fully fabricated and installed retractable vertical thruster mounts (port mount).
With the vertical thrusters now mounted inside a protective panel, users can lock the
vertical thruster positions into three configurations. The first is for compact and safe ROV
storage, with the thrusters fully pushed into the frame with no protrusions. The second is half-out
position with the thrusters drawn out so they sit directly underneath the frame’s handlebar. This
configuration is not optimal for maximizing vertical thrust since the bar is partially in the way.
However, it does allow users to use vertical thruster while maintaining a slightly slimmer ROV
profile. The final configuration is full-out with the thrusters fully extended and locked into place
for optimal vertical thrust. Note this configuration is what makes Nautilus 3 ft (0.9 m) wide.
Each of these configurations has also been conveniently marked on the mounts so users can
easily align the locking thumbscrew. With this simple yet reliable solution, users can enjoy both
compact ROV storage and unobstructed thruster flow when conducting operations. The two
major configurations are depicted in Figure 3.9.
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Figure 3.9: The vertical thrusters in their full-out configuraiton (left) and their storage
configuration (right).

3.4 Pressure Housings
Dependable water-proofed pressure housings are absolutely essential on all ROVs to
protect delicate electronics. For Nautilus’ pressure housings, we took a modular approach
designating one for power and one for communication and telemetry equipment.
For the electronics housing, we used all Blue Robotics bought components. This included
the aluminum housing and dome viewport bought by the previous team. In addition to the
previously bought parts, we used an endcap featuring 18 holes for cable penetrators to pass
through. Each of these cable penetrators contained either thrusters, power, or communication
lines that passed between the electronics can, power can, and tether. To waterproof these cable
penetrators, we potted them with marine-grade epoxy per Blue Robotics’ suggestions. Altogether
the electronics housing is depth rated to 1300 ft (400 m) according to Blue Robotics’ part ratings.
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The finished electronics housing can be seen in Figure 3.10 along with the camera visible
through the clear dome.

Figure 3.10: The Blue Robotics-made electronics housing mounted onto the ROV frame.
Since we could not find a premade housing that could contain all three of Nautilus’
batteries, we developed a custom battery housing made from aluminum 6061 pipe, Blue
Robotics endcaps, and new O-ring seals. Since we decided to use Blue Robotics endcaps, we
designed the can to fit this constraint and made sure its inner diameter would be 4 in (0.1 m).
Since the pipe we received was not a pre-made Blue Robotics pressure housing, its inner
diameter varied slightly from the necessary 4 in (0.1 m). We recognized that this difference in
tolerancing could compromise the radial O-ring seals, so we resized and ordered new standardsized nitrile rubber O-rings that fit the recommended stretch, compression, and groove fill ranges
for our part sizes. Our O-ring sizing spreadsheet can be found in Appendix F: Battery Housing
Calculations.
To figure out what thickness the pipe wall needed to be, we first decided to match the
electronics housing’s depth rating. As a result, we designed the battery housing to be depth rated
to 1300 ft (400 m) with 0.25 in (0.635 cm) thick pipe walls since this size both fit our
requirements and was readily available. We confirmed the design with hand calculations
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(Appendix F) and FEA simulations, which returned a minimum yield factor of safety of about 8
at 1300 ft (400 m), which far exceeded our expectations and requirements. An image of our FEA
simulation and the fully realized battery housing can be found below in Figure 3.11 and Figure
3.12.

Figure 3.11: FEA simulation results (yield FOS) for battery housing’s maximum depth rating.

Figure 3.12: The fully realized battery housing mounted on the ROV frame.
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We intentionally fit all the major electronics into pressure housings mounted in either the
top half of the frame or the back, creating space in the lower frontal area of the frame to
reconfigure tools and payloads for different missions. This layout makes ROV Nautilus a
versatile platform capable of carrying out many different types of missions. The electronics
housing is centered on the ROV while the battery housing is mounted towards the back of the
frame with easy access to the endcaps for installing and removing the batteries.

3.5 Lift Plate
Nautilus’ lift plate is designed to provide a hard-point from which the ROV can be safely
lifted out of the water. When our team received Nautilus, its lifting eyebolt was connected
directly to the foam buoyancy block, meaning all the stress of lifting the ROV would act upon
the brittle foam block. To improve Nautilus’ safety and durability and mitigate the risk of
damaging the buoyancy, we designed an aluminum lifting plate that connects the eyebolt directly
to the aluminum frame. This way, all the stress of the ROV’s weight is placed on the stronger
plate and frame.
A few additional constraints we had when designing the lift plate were that it had to be
compact and fit in the same location the eyebolt was originally mounted in. The lift plate needed
to be compact in order to fit between the frame and the buoyancy and not restrict access to other
ROV components. After trying out a range of possible sizes, we decided to use a 0.25 in (0.635
cm) aluminum plate since it met both our size and strength requirements. Figure 3.13 depicts one
of our FEA simulations, confirming the plate can take the weight of the ROV plus expected
water resistance with a safety factor of 4.5. Additional hand calculations for the lift plate stress
analysis can be found in Appendix G.
Since we decided to leave the eyebolt in its original location on the ROV, we had to find
a way to mount the lift plate to the frame so the eyebolt could attach to it. This meant mounting
the plate between the two frame members that surrounded the eyebolt’s location. After
coordinating mounting bolt spacing with the vertical thruster mounts’ bolts, the lift plate’s final
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design was a triangular plate mounted with three ¼-20 bolts and nylon-locknuts. Figure 3.14
shows the mounted lift plate with the eyebolt attached for reference.

Figure 3.13: FEA simulation results (yield FOS) for the lift plate’s maximum estimated load.
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Figure 3.14: The real lift plate mounted onto the frame with the eybolt attached for reference.
Note the buoyancy has been removed for this picture.

3.6 Quick-Release Ballast Mounts
We designed quick-release mounts, shown in Figure 3.15, for quickly and easily securing
and removing items from the frame. Dive weights are often either zip-tied or bolted to ROVs for
ballasting. While zip-ties are the cheapest and easiest method for securing dive weights, it can be
wasteful since removing dive weights requires using new zip-ties. While using bolts is less
wasteful, they often require tools and more time to replace weights. By using quick-release dive
weight mounts, we can increase the efficiency of ROV missions by making ballasting and
trimming easier and faster. Additionally, safety is improved by making it easy to remove the
roughly 50 lb (23 kg) of ballast from Nautilus when transporting the ROV. In its current state,
Nautilus only uses our quick-release mounts for dive weights, however, in the future, it is
possible to use the same system to mount other components to the frame.

Figure 3.15: The two components of the quick-release mounts and their mating interfaces.
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Each mount consists of three parts 3D printed in PETG filament, which is a variant of the
same material plastic bottles are made of. PETG does not absorb water over time, making it a
good candidate for external ROV mounts. On the frame side, a female mount is permanently
attached to ROV frame members via a C-shape on the back that is held in place with friction.
The grip can be further tightened with either the addition of zip-ties in available slots or bolts in
the two counterbored holes on the part.
On the dive weight side, a 5 lb (2kg) weight is zip-tied to a male mount. Since most dive
weights are designed to be worn on a 2-inch nylon weight belt, most of them have standardized
slot sizes. To take advantage of this feature, we used zip-ties to permanently attach the weights to
the male mounts. This design also makes the male insert part versatile, allowing any part to be
zip-tied to it for quick-release functionality. To lock the mount in place, a flexible latch is
attached to the male insert. To mount the dive weight, simply align the tapered male insert with
the frame-mounted female mount and slide down. The latch will automatically snap into place,
and the dive weight will be firmly secured in all axes. To remove the dive weight, pull the latch
back and slide the dive-weight out.
Most 3D printed parts are largely hollow, with low-density infill patterns taking up the
internal space. This is because using high infill densities can cause unwanted print artifacts and
only marginally increase the strength of the part. Therefore, it is usually better to print high-load
parts at 40%-80% infill density. Despite this, since Nautilus is depth rated to 1000 ft (300 m),
having air cavities inside the parts due to hollow infill patterns can compromise them. At max
depth, this pressure is about 430 psi (3000 kPa). For this reason, we printed the mounts at 100%
infill density.
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4. ROV Electronics
4.1 Past Work
In this section, summaries of the previous development teams work will be given. There
is a large amount of information that went into work that our team started with. For conciseness
and clarity, only the necessary details of the previous development teams work will be
mentioned.

Figure 4.1: Arduino Mega 2560 Rev3 (Used without permission) [28].
The extent of electronics work provided by the previous development team is the design
and selection of the components both onboard and topside. Communication protocol, interfacing,
and availability were the factors for component choice. The Arduino Mega 2560, show in Figure
4.1, was chosen as the centerpiece of the onboard control electronics because of its 50 digital
inputs and 15 analog inputs providing versatility in expanding the number of sensors or other
controlled devices, support for both I2C and RS485 communication protocols, and its wide
availability for replacements or testing.
Other chosen components include the Blue Robotics Bar30 pressure sensor in Figure
4.2a, Blue Robotics Celsius temperature sensor in Figure 4.2b, and the Adafruit LSM303 inertial
measurement unit (IMU) sensor in Figure 4.2c.
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(a)

(b)

(c)

Figure 4.2: BlueRobotics Bar30 pressure sensor (a) and Celsius temperature sensor (b), and an
Adafruit IMU (c) (used without permission) [29-31].

4.2 Wiring & Components
Our team designed Nautilus’ electrical layout based on the components chosen by the
previous team, and we did the final wiring of all electronics, which included pin, soldered, and
screw-terminal connections. The full electrical system diagram can be seen in Figure 4.3. On the
top side, a computer connects to a tether interface box to communicate with the ROV. Inside the
ROV, 3 lithium-ion batteries provide power to the whole system. A power switch, a 200A fuse,
and a DC-DC buck converter regulate power inside the ROV. Input from the tether feeds into the
Arduino microcontroller, which controls outputs like lights and thrusters, and reads inputs like
sensor data. Electronic speed controllers (ESCs) receive the full voltage of the batteries and
convert PWM thruster input signals from the Arduino to high-power signals for the brushless
motors powering the thrusters. The lights, which receive the full battery voltage, and the cameratilt servo, which receives regulated 5V power, are also controlled via PWM inputs. Most sensors
interface via the i²c communication protocol with 3.3 logic. This makes sensor expandability
easy, since many i²c devices can be wired in parallel. Theoretically, our system can communicate
with up to 128 i²c devices while only taking up 2 data pins on the Arduino. The leak sensor takes
up a standard I/O pin, and the ping sensor communicates with the Arduino via a serial bus. A
Raspberry Pi and camera operate on a separate circuit to relay live video feed via the tether to the
surface pilot interface. Fathom Interface Boards, sold by Blue Robotics, simulate ethernet over
one twisted pair on the tether, which is used for the live video feed.
After a field test, we discovered that a top-side power switch could be useful. An “antispark switch,” is usually used for high-powered land-based personal transportation vehicles like
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electric skateboards and bikes. It functions similarly to a relay, in that a low-power input is used
to switch on and off a high-power circuit. The signal can be passed through the tether to the
tether box to control power inside the ROV.

Figure 4.3: Nautilus Electrical Diagram

4.3 Power Electronics
The power electronics consist of batteries as well as other components that help deliver
the correct power safely to other components in the electronics housing such as circuit breakers,
switches, and converters.
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4.3.1 Batteries and Circuit Breaker
A rough power budget was calculated to determine how many Blue Robotics batteries
were required for Nautilus to meet the performance requirements. First, fluid mechanics
principles were used to find the amount of force needed to reach the required top speeds of
1.5 knots (0.8 m/s) (translational) and 1 knot (0.5 m/s) (vertical). Since these were rough
calculations, it was deemed acceptable to treat the ROV like a solid cube with a coefficient of
drag equal to 0.8. This not only simplified calculations, but also assumed the ROV frame was
solid which would be the case if the ROV was fully loaded with a payload and tooling. This
assumption ultimately helped us calculate the worst-case scenario and therefore maximum force
needed to achieve the desired velocities. Next, the forces for each desired direction of motion
were broken down into components to figure out how much each thruster would have to
contribute to generate the necessary total force. Since the translational thrusters’ angles are
adjustable, multiple scenarios were calculated to get an idea of what the generally best angle
would be. Naturally, having the thrusters facing 45˚ into the frame provided the most wellrounded results since the thruster force contributed nearly equally in both the X and Y directions.
After the fluid mechanics calculations produced necessary thruster outputs, the required
power and current draw to produce these forces were found by viewing performance graphs on
Blue Robotics’ T200 thruster webpage. Combining this data with predicted times operating at
full throttle produced watt-hour and amp-hour data for both vertical and translational thrusters.
These were then summed together along with utility light power consumption data to produce a
rough “worst case scenario” or maximum power and current draw. For a 60-80 min dive, the
predicted maximum amp-hours and watt-hours required are 45 Ah and 568 Wh, respectively.
This translates to requiring three Blue Robotics batteries. Note that power consumption from
logic components was not taken into account since these are considered negligible compared to
thruster power consumption in rough calculations. The full hand calculations for this process can
be found in Appendix H: ROV Battery Sizing Calcs.
Three of the Blue Robotics lithium-ion batteries are connected in parallel on the battery
slider that we designed in Figure 4.4. On the end of our battery slider is the 200A safety circuit
breaker which is both a circuit breaker and a power switch. The power switch functionality
allows us to plug in the batteries but leave the ROV powered off during maintenance and out of
water testing, improving the safety and handling of Nautilus. The battery slider connects to the
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components in the electronics housing via two 18 AWG wires running from the battery housing
to the electronics housing.

Figure 4.4: Battery slider with three Blue Robotics batteries and safety circuit breaker.

4.3.2 Buck Converter
The DC-DC buck converter inside of the electronics housing is a D-Planet 5A DC-DC
buck converter which has an input voltage range of 4-38V and an output voltage of 1.25-36V
with a maximum current draw of 5A. The converter reduces the 15V battery output to 5V which
is sent to a power rail over 22 AWG wire to distribute power the Arduino Mega, camera servo,
Raspberry Pi, and Ping sensor. Figure 4.5 shows the buck converter and the power rail.

Figure 4.5: DC-DC buck converter (left) and 5V power rail (right) (Used without permission)
[32, 33].

57

4.4 Communication Electronics
4.4.1 Sensors
Nautilus is equipped with six sensors. As mentioned in Section 4.1, the previous team
decided on using the Blue Robotics Bar30 pressure sensor, the Blue Robotics Celsius
temperature sensor, and the Adafruit LSM303 IMU seen in Figure 4.2c The three additional
sensors are a Blue Robotics Ping Sonar Altimeter and Echosounder, a Blue Robotics Leak
Sensor and an Adafruit Power Sensor which can all be seen in Figure 4.6. The ping sensor is
used to measure altitude off the sea floor, this measurement is used in the altitude lock closed
loop control. The pressure sensor measurement in millibars is converted to depth in meters and
then used for depth lock closed loop control. The IMU comes equipped with magnetometers that
provide a compass reading which is then used for the heading lock closed loop control. The leak
sensor has nodes placed throughout the electronics and battery housings that short when exposed
to water causing the sensor to send a leak signal to the Arduino. The power sensor is connected
in series between the battery positive output and the fathom interface board power input on the
high side, it then provides a voltage reading to the Arduino which allows the pilot to gauge the
remaining mission time.

(a)

(b)

(c)

Figure 4.6: Power sensor (a), Leak sensor (b), and Ping sensor (c) (Used without permission)
[34-36].
The pressure, temperature, voltage, and IMU all connect to the Arduino over i²c. In order
to simplify the wiring of all these connections, an i²c splitter board was used in conjunction with
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an i²c level converter which allows 3.3V logic devices such as the pressure and temperature to
run off a 5V logic device such as the Arduino. These components can be seen in Figure 4.7.

Figure 4.7: i²c level converter (left) and splitter board (right) (Used without permission) [37, 38].

4.4.2 Arduino and RS485 Shield
The Arduino Mega is the centerpiece of Nautilus’ onboard electronics. Handling all
sensor inputs, thruster outputs, and communication to the topside control system. In order to
communicate using the RS485 protocol, we equipped the Arduino with an RS485 shield. The
shield sits on top of the Arduino as seen in Figure 4.8, its main purpose is to convert the
communication taking place on the Arduino serial pins and sending them over the tether via
three conductors.
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Figure 4.8: DFRobot RS485 Shield for Arduino (Used without permission) [39].

4.4.3 Video
Nautilus’ video system consists of one USB camera, a Raspberry Pi, and two Fathom-X
Tether Interface boards. Figure 4.9 shows the path of the video from the camera up to the topside
computer. The Raspberry Pi acts as a host device for the USB camera and a streaming device
which will be discussed in more detail in the software section. The fathom interface boards
create a simulated ethernet connection over a single twisted pair allowing for flexibility in the
use of the tether conductors.
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Figure 4.9: Diagram showing path of video from camera to topside laptop (Used without
permission) [40-43].

4.4.4 Tether

Figure 4.10: Diagram showing connection of tether from ROV to topside [43, 44].
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The tether we chose was the 300m Fathom ROV Tether. The tether consists of one set of
cat5 networking conductors. Currently, Nautilus is using five of the eight conductors, three for
RS485 communication to the Arduino, and two for video. The tether connects directly into the
electronics housing, goes through the spool and then terminates into the tether interface box as
you can see in Figure 4.10. From the tether interface box, it connects to the control systems
laptop over USB and ethernet. The USB handles serial communication to the Arduino and the
ethernet is used for video transmission. As you can see in Figure 4.11 we have modified the Blue
Robotics tether interface box to have an extra output, adding the ethernet port to accompany the
USB port that comes standard.

Figure 4.11: Modified Blue Robotics tether interface box.
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5. ROV Software
5.1 Past Work
The previous development team provided a control system with functioning
communication between a top-side control GUI and bottom-side Arduino microcontroller over
the RS485 serial communication protocol. The GUI sends control messages to the ROS module
which handles communication to the ROV which responds with sensor data. They were able to
demonstrate that inputs from the user successfully produce changes in command values on the
Arduino. These results were produced on a test bench and were not wired into the ROV or over
the tether. The GUI provided shown in Figure 5.1 takes user inputs from both the controller and
from the GUI itself. From the controller inputs, thruster commands are generated and from the
on-screen display, light and camera tilt commands. These commands are mixed to produce a
control string which is sent by the Robot Operating System (ROS) piece of the topside control
GUI over the RS485 serial communication protocol. The RS485 communication protocol was
chosen due to its reliability over long distances.

Figure 5.1: Screenshot of GUI developed by previous team.
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The ROS piece of the control system handles communication between the GUI and
subsea control system. ROS is a set of libraries and tools that provide functionality for robotic
applications. The ROV control system utilizes a library for sending and receiving commands
over the tether in the form of a control string. The NMEA or National Marine Electronics
Association string protocol is a data transmission standard used mostly in GPS devices.
For the purpose of the ROV control system, two separate strings were created. One string
is for communication from GUI to subsea control system and the other is for communication
from the subsea control system back to the GUI. The strings are formatted differently because
their contents are different. The contents of these strings can be seen in Figure 5.3 and Figure
5.4.
The ROV subsea control system consists of software that runs on the Arduino
microcontroller which is responsible for parsing the control string sent by the topside control
GUI and directing the commands to the correct components such as thrusters and lights.

5.2 Software Components
To meet customer requirements for improved pilot control of Nautilus, many software
modules needed to be developed and integrated into the topside control system. The main
features shown as modules within the GUI section of Figure 5.2 include closed loop control,
video display, sensor readouts, data logging, interpreting joystick inputs, and sending and
receiving messages over the tether. Each of these modules add a portion of improved
functionality to the Nautilus’ pilot interface.
One major change to the implementation of the topside control system is the elimination
of the ROS component. Instead of using ROS to send the control message down to the ROV, a
serial communication library for Python is used to send the message directly from the GUI.
Within the subsea section of Figure 5.2 the important software additions include a vectored
thrust algorithm for the new thruster configuration as well as video streaming over a direct
ethernet connection. These additions can be found in lower (blue) portion of the diagram below.
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Figure 5.2: Software components organized by functional modules.

5.3 Communication Strings
5.3.1 Topside to Subsea Message
Figure 5.3 is an example of a message that would be sent from the GUI to the Arduino as
well as a table that explains each of the values in the message.

Figure 5.3: Topside to subsea message example with value table.
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Token 0: Start of Message
The start of message token is the ‘$’ character. Without this character the ROV is unable to tell
where the next message begins and the previous ends. This helps prevent and detect packet loss.
Token 1: Message id
The message id is useful for keeping track of which messages were sent during a certain time
interval and logging the data. By keeping the message id, it is easy to distinguish packets from
one another later on when parsing data logs.
Token 2: Forward/Backward
This token is the vertical axis of the left joystick mapped to a -1 to 1 range with -1 being all the
way down and 1 being all the way up. Going full speed backward is represented by -1 and full
speed forward by 1.
Token 3: Translate left/right
This token is the horizontal axis of the left joystick mapped to a -1 to 1 range with -1 being all
the way left and 1 being all the way right. Going full speed to the left is represented by -1 and
full speed to the right by 1.
Token 4: Vertical up/down
This token is the left trigger of the joystick mapped to half of the range, 0 to -1, with 0 being
unpressed -1 being pressed all the way down. The right trigger of the joystick maps to the other
half of the range, 0 to 1, with 0 being unpressed and 1 being pressed all the way down.
Descending at full speed to the left is represented by -1 and ascending at full speed to the right
by 1.
Token 5: Rotation
This token is the horizontal axis of the right joystick mapped to a -1 to 1 range with -1 being all
the way left and 1 being all the way right. Rotating full speed to the counterclockwise is
represented by -1 and rotating full speed to the clockwise by 1.
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Token 6: Light Toggle
This token is toggled between T and F every time the triangle button on the controller is pressed.
By default, it is set to F.
Token 7: Sampler Toggle
This token is toggled between T and F every time the square button on the controller is pressed.
By default, it is set to F. Currently, this value is interpreted but not used by the Arduino.
Token 8: Camera Tilt
This token is toggled between U, D, and S. While ‘up’ on the controller directional pad is
pressed, token 8 is U, tilting the camera up. While ‘down’ on the controller directional pad is
pressed, token 8 is D, tilting the camera down. When neither are being pressed, token 8 is S, not
tilting the camera.
Token 9: End of Message
This token contains the end of message character, ‘*’. This lets the Arduino know when the
message ends and to stop parsing.

5.3.2 Subsea to Topside Message
Figure 5.4 is an example of a message that would be sent from the Arduino to the GUI as
well as a table that explains each of the values in the message.

Figure 5.4: Subsea to topside message example with value table.
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Token 0: Start of Message
The start of message token is the ‘$’ character. Without this character the GUI is unable to tell
where the next message begins and the previous ends. This helps prevent and detect packet loss.
Token 1: Message id
The message id is useful for keeping track of which messages were sent during a certain time
interval and logging the data. By keeping the message id, it is easy to distinguish packets from
one another later on when parsing data logs.
Token 2: Temperature
The temperature reading is a float with 2 digits of precision and a range of -40 to 125 Celsius.
Token 3: Depth
The depth value is a float value with 2 digits of precision provided by the pressure sensor. The
depth is provided by a method from the pressure sensor library that converts the normal pressure
value to a depth value.
Token 4: Heading
The heading is also a float value with 2 digits of precision. The value is given in degrees and
ranges from 0 to 360.
Token 5: Altitude
The altitude is a float value with 2 digits of precision. The value is provided by the ping sensor
which outputs distance in mm which is then converted to meters.
Token 6: Leak
The leak token is an integer value that is either 0 if there is no leak and 1 if there is a leak.
Token 7: Voltage
The voltage is a float value with 2 digits of precision. The value is provided by the power sensor
and supports a range of 0V to 36V.
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Token 8: End of Message
This token contains the end of message character, ‘*’. This lets the GUI know when the message
ends and to stop parsing.

5.4 Arduino and Vector Thrust Algorithm
The Arduino’s work can be split into two categories, interpreting the control message,
then generating and sending the ROV response message. Once the Arduino has received the
topside control message as shown in Figure 5.3, it parses the message. To parse the message, the
message start character, ‘$’ is checked for, once that has been confirmed, the rest of the string is
tokenized. Tokenizing stores each comma separated value in a variable which is later used to
update the status of a thruster or accessory.
Thrusters are a special case, instead of updating directly from a value given in the
Topside to subsea string, thruster values for the vector thrusters are calculated via the vector
thrust algorithm. The vector thrust algorithm takes the x-axis, y-axis, and rotational values as
inputs. Calculations can be found in Appendix I: Vectored Thruster AlgorithmOnce the thruster
values are calculated, they are written to the ESCs.
Once the Arduino has gathered all readouts from each sensor, it generates the subsea to
Topside message and writes it to one of the serial busses which is then converted by the RS485
shield and sent up the tether.

5.5 GUI
The GUI in Figure 5.5 is an improved version of the GUI developed by the previous
team. A portion of the GUI that was used for moving the ROV by clicking on screen buttons has
been replaced with sensor readouts as well as buttons for enabling and disabling closed loop
control. Another portion of the GUI that has been replaced is the light and camera toggle buttons.
These buttons were replaced with a ROV arm and disarm button which disables the thrusters for
improved safety during testing and launch. There is also room left around the ROV arm and
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disarm button to allow for future control buttons or readouts. Improvements outside the interface
have also been made such as data logging, closed loop control integration, and live video
playback.

Figure 5.5: New GUI with sensor readouts and closed-loop control.

5.5.1 Closed Loop Control Integration
The GUI now has buttons to enable and disable the different forms of closed loop control
When closed loop control is enabled certain joystick inputs are ignored and are instead calculated
by the closed loop controllers.
For example, the right joystick controls the ROV’s rotation. When heading lock is
enabled, the right joystick input no longer rotates the ROV and instead the rotation value for the
Topside to Subsea string is calculated in order to have the ROV maintain a specific heading. The
same concept applies to the vertical thrusters and keeping a constant depth from the surface or a
certain altitude from the bottom.
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The GUI performs these calculations by feeding sensor values obtained from the subsea
to topside message into the controllers which generate joystick values for either rotation or
vertical movement. Because the controllers generate joystick values, the vector thrust
calculations on the Arduino are calculated the same as if the values were coming from a joystick.
This modularity helps keep the topside to subsea message small to improve transmission rates
and reduces values the Arduino has to parse and translate.

5.5.2 Tuning GUI
A separate GUI that can be seen in Figure 5.6 was created for tuning the closed loop
controllers. This GUI functions exactly the same as the other GUI but has one extra set of
features. The interface has fields showing the tuning values for the closed loop controllers, a way
to modify the tuning values while the GUI is running, and a way to modify the graphs in the
center. To change a tuning value, you type in the desired value in the text box corresponding to
the tuning value and click submit. Then the next time that method of closed loop control is
enabled, the new tuning values take effect. These extra tools make the process of tuning the
closed loop control more efficient.

Figure 5.6: Tuning GUI with closed loop control tuning and graph controls.
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5.5.3 Data Logging
One of Nautilus’ main uses is for data collection. In order to meet this customer need,
data logging was implemented. Upon receiving the ROV response message and generating the
control message, the topside control system writes these strings to a log file alongside a system
timestamp. After a mission run is completed, these log files can be accessed and parsed to
provide collections of scientific data. Another feature of the implemented data logging module is
its improved ease of use, when combined with the system clock on the HUD and a screen
recording of the mission. By screen recording a mission run, scientists can look at the footage
afterwards and reference a geological feature seen on the camera’s video, note the system time
on the HUD, and then find the same system time in the logs to check the sensor readings at the
time of seeing that geological feature. This feature is even more helpful to customers when
taking into account that the logging system scales with the addition of more sensors.

5.6 Video

Figure 5.7: Video feed with heads up display (HUD).
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The video from the ROV comes from a single USB camera. The Raspberry Pi acts as a
host device for the USB camera and as a streaming device. Using Gstreamer, a media pipelining
tool, the Raspberry Pi encodes the video and sends it up the tether over a simulated ethernet
connection provided by the Fathom interface boards. The topside GUI then receives the video
feed and displays it in a separate window for the pilot to see as shown in Figure 5.7. Sensor
values are also overlaid on the video feed via a heads-up display.
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6. ROV Closed-Loop Control System
6.1 Requirements
A brief list of requirements for the closed-loop control system can be seen in Table 2.4.
In summary, the closed-loop control system must be able to maintain a reasonable level of
accuracy in the standard environments it faces. While the response time can vary based on the
desired change in depth, altitude, or heading, it should generally remain within the errors
specified in Table 2.4.

6.2 Theory
In order to create a closed-loop control system for Nautilus, our team created a
mathematical model of how it behaves in the water. The governing equations for each degree of
freedom of the ROV (translation in each dimension of cartesian space and rotation) are all
assumed to be first-order, linear, constant-coefficient ODEs. Though this assumes linear
damping from the water, the ROV’s control system will generally require accuracy in low
velocities, which is where a linear approximation would be accurate.
To demonstrate an example of how the governing equations relate to the physical ROV,
the process is done for the z-dimension. A similar process can be taken for the other ranges of
motion, and all three ranges of motion will achieve a similar resulting equation. The physics of
the bottom-following process can be described by a free-body diagram. Figure 6.1 shows the
free-body diagram for the ROV as it is situated above a seafloor slope.
In Figure 6.1, m is the mass of Nautilus, y is the vertical acceleration upwards, Fb is the
buoyant force, Fz is the heave (upwards) force created by the thrusters, and Fd is the fluid
damping force. Using the free-body diagram and assuming that the damping is linear with
respect to velocity, the following governing equation can be used to model the system as shown
in Equation 6.1.
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Figure 6.1: Free body diagram of ROV for altitude control.
𝐹! + 𝐹" = 𝑚𝑧̈ + 𝑐𝑧̇ ,

(Eq. 6.1)

Eq. 6.1 is a linear, first order equation (with respect to 𝑧̇ ). Assuming the damping is linear
with respect to velocity, this would allow a PID controller to control the system with
theoretically zero steady state error. In order to use the equation to model Nautilus, the values of
the mass and damping constants must be found. The values for the equation, and ones related to
the derivation of the values, can be found in Table 6.1.
Table 6.1: Physical properties of ROV Nautilus relevant to vertical control system.
Property

Value (units)

Dimensions (l x w x h)

2.50 x 2.00 x 1.94 (ft)
0.76 x 2 x 0.59 (m)

Mass

116.7 (lb)
52.93 (kg)

Buoyancy Force

0.5 (lbf )
2.2 (N)

Damping Coefficient (estimated by assuming

16.51 (lbf/(ft*s))

Nautilus is a solid cube)

241 (N/(m*s))
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The equation of motion for depth would have the same constants, but the force values
would be negated. This is because depth measures the ROV’s distance from the surface, so the
upward force of the thrusters and buoyancy would be acting in the negative depth direction.
For rotation, instead of mass, the rotational inertia J would be used. An estimated value
from a CAD model of the ROV for the rotational inertia is 17,176 lb in^2, or 5.027 kg m^2. The
rotational damping coefficient was very roughly estimated to be 11.24 lb*s/rad, or 50 N*s/rad, as
there was little documentation for the rotational damping coefficient for a cube in a fluid.
Equation 6.2 is the equation of motion for the heading.
𝐹# = 𝐽𝜃̈ + 𝑐𝜃̇,

(Eq. 6.2)

A proportional-integral-derivative (PID) controller was used to control the heading and
the depth of the ROV. This theoretically allows the control system to have a zero steady state
error, even if there is some sort of offset current or buoyancy. In order to establish rough
estimates of well-tuned gain values of the PID, a simulation of the system was made in
MATLAB Simulink. Estimated gain values can be tested by this simulation to use as rough
starting points for physical testing of the PID system.

6.3 Simulink Model
The MATLAB program Simulink is a helpful tool for simulating control systems. After
making the mathematical model of the system as outlined in Section 6.2, our team implemented
this model into Simulink to be able to test PID gain values with the model.

6.3.1 Setup
In Simulink, our team created a model of the ROV using the transfer equations shown in
Section 6.1 in order to experiment with the PID values. The model provides the ability to turn the
closed-loop control system on and off, and it can also add simulated currents and drift forces.
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Figure 6.2 demonstrates a simplified block diagram of the heading control of the Simulink
model, which is used as an example to describe the Simulink simulation of each range of motion.

Figure 6.2: A block diagram of the heading control system.
For the heading system, the simulation either uses the rotational command from the
joystick or the rotational command from the PID controller. A switch block allows the user to
switch which one the simulated ROV will use. The chosen signal is recombined with the other
joystick signals for the x and y movement into a 3x1 vector. This vector was multiplied to the
pseudoinverse Jacobian matrix of the thrusters. This pseudoinverse Jacobian translates the
signals for x, y, and rotational into a thrust value for each of Nautilus’ thrusters. A scaling
process is also conducted on the thrust values to ensure that they stay within the range of the
possible thruster outputs.
The result is a 4x1 vector, each element representing the output force of each of the
thrusters. Once this process is complete, the vector is translated into a set of ESC values and
shown to mimic them being sent to their respective thrusters. The same vector is also multiplied
by the Jacobian matrix, converting them back into terms of x, y, and rotational forces relative to
the ROV’s frame of reference. Each of these forces are separated into their components and
multiplied by the transfer equations found in Section 6.2 to obtain velocity values.
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Finally, the relative velocities are translated into global x, y, and rotational velocities by
using the current heading of the ROV. The results are integrated to achieve the new position of
the ROV and plotted. The new heading of Nautilus is also sent back to the PID controller for the
next iteration. A more in-depth description of the control system can be found in Appendix J.

6.3.2 Results
To determine what set of gain values were best for the simulation, we used a trial-anderror method. We would observe the system’s response to a step input of 3 ft (1 m) to simulate a
situation where the underwater terrain changes height by 3 ft (1 m). We would alter the
proportional gain and keep the derivative and integral gains at zero until we got the best response
we could get. Then we would add a derivative gain and retune both of those gains. Finally, we
would add the integral gain and try to find the best combination of all three to achieve a good
transient and steady state response.
The first control system we tested controlled altitude. After some experimentation, we
achieved the result shown in Figure 6.3, the system response to a step input of 3 ft (1 m).

Figure 6.3: Plot of the altitude (in meters) with respect to time (in seconds) when a desired
change of 3 ft (1 m) is introduced to the control system.
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The results for the altitude control are given in Figure 6.3. Notice that the response time
is low (less than 2 seconds) with a change in altitude of 1 meter, and the system has small
overshoot of less than 1%. This model fits our project requirement for the altitude lock, which
specifies that the altitude control system should have a maximum error of 1%. While real-world
testing may require us to put greater effort into tuning the PID, this should suffice for now.
The abrupt change in height simulated by this model could happen if the ROV travels
over a rock that is 3 ft (1 m) high, which is not an uncommon situation. This simulation
demonstrates that the PID can theoretically respond to this situation within 2 seconds with an
error within the desired range.
Since the depth control system applies to the same direction of motion as the altitude
control system, the same mathematical model is used, only and upward force results in a
decrease of the variable of interest. To accommodate for this, all of the PID values for the
altitude control system were used, except they were all made negative to reflect the inverse
relationship that depth has to the z-axis. Figure 6.4 demonstrates the result of this PID controller
with a desired change of depth of 3 ft (1 m).

Figure 6.4: Plot of the depth (in meters) with respect to time (in seconds) when a
desired change of 3 ft (1 m) is introduced to the control system.
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The plot in Figure 6.4 demonstrates that the depth model of the system also achieves
steady state within the same time as the altitude control system and has the same error. This is
expected, since both control systems control the same direction of motion.
When using Nautilus, one of the helpful aspects of the depth control system would be to
be able to command the ROV to go to a desired depth that can be up to 100 m different from its
current depth. While it would be helpful to model the behavior of the system for such a change,
the assumptions we used to make the model manageable would lead to large inaccuracies. We
assumed linear damping for our model since the movements of the ROV are slow in the general
case for the control systems, but if the control system was told to travel too far, it would begin to
move at top speeds. Here, damping would not be linear, so there would likely be large
discrepancies between our model and the real-world scenario.
Lastly, the PID values for the heading control were found through experimentation. In
order to test these PID values, we first examined how the control system would respond to a
desired angular change of 45˚. The results of the simulation are shown in Figure 6.5.

Figure 6.5: Plot of the heading (in degrees) with respect to time in response to a
step input of 45˚.
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Figure 6.5 demonstrates that the heading control system, like the previous two, has a fast
response time and a low error at steady state. In this case, the error is well within the ±5˚ listed in
the project requirements.
Table 6.2 gives the PID gain values obtained from the simulation for each control system.
Note that the depth control system has negative PID gain values because an upward force
(positive thrust from the thrusters) causes Nautilus to accelerate in the negative direction with
respect to depth.
Table 6.2: Table of PID gain values for each control system
P Gain

I Gain

D Gain

Altitude

6

2

3

Depth

-6

-2

-3

Heading

4

1

1

6.3.3 Discussion
In order to discuss the usefulness of the Simulink model, we must talk about the
assumptions and approximations made. The first assumption made is that the system is a linear
system, which can be accurate for low velocities, but becomes erroneous at higher velocities.
Since one of the main purposes of the simulation is to find good starting PID values, and the PID
will commonly be operating close to its reference signal, this approximation should work well
enough for our purposes. The main area where the approximation would be significantly
erroneous would be when the ROV is attempting to travel large distances using the control
system, as specified earlier when discussing the depth control. In order to verify the control
system’s performance in this respect, our team will need to do physical testing.
Also, this model assumes that Nautilus is a solid cube. This provides a conservative
estimate on the drag acting on the ROV, which will likely cause some inaccuracies when
translating the simulated PID controller to the real one. Since it is time-consuming to do an indepth analysis on Nautilus, our team will simply adjust the PID gains during physical testing to
achieve the desired results.
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Lastly, the model assumes that the relationship between signal sent to the thrusters and
the thrust output of them is linear. However, by examining Figure 6.6, one can see that this is not
the case.

Figure 6.6: Plot of the thrust delivered by the thruster versus the ESC signal sent to the thruster
[45].
Between an ESC value of 1540 and 480, the thrusters will output no thrust. This will
create inconsistencies between the performance of the simulation and the performance of the real
Nautilus. When the control system commands a low thrust value, this will likely result in the
thrusters outputting no thrust. In addition, the relationship between the ESC values and the thrust
output is assumed to be linear, while Figure 6.6 shows that it is not completely linear. This will
also create a disconnect between the simulated thrust and the real thrust. This will also be dealt
with during physical testing and further tuning of the PID.

6.4 Heading Control Testing
After the integrated test (described in Chapter 8), our team tested the heading closed-loop
control. While there were no available ways to tune the altitude and depth control systems, the
RSL was able to provide a tub that fit Nautilus well enough to test the heading control. This test
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would confirm that the program running the heading closed-loop control PID worked on
Nautilus and allow us to tune the PID gain values experimentally.

6.4.1 Setup
Nautilus was able to float within the tub less than an inch above the bottom of the tub.
This allowed it to only experience damping by the water, as it would in a regular deployment.
The tub was shallow enough that no ballast weights could be added, since adding any more
weight would cause Nautilus to rest on the bottom of the tub. Nautilus also had ample room
around the sides to allow it to rotate freely without colliding with the sides of the tub. The tub
also allowed easy placement into the water and easy retrieval out of the water. Figure 6.7 is an
image of the testing setup.

Figure 6.7: Image of Nautilus in testing tub.

6.4.2 Testing Procedure
In order to test the closed-loop control system, our team would turn on the ROV and
activate the heading lock feature (which would cause the ROV to try to maintain a constant
heading). Then, team members would rotate the ROV roughly 30˚, and then let go to record the
system response. The results were recorded on video, the GUI output was screen captured, and
the sensory data was logged for future use.
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6.4.3 Results and Discussion
After testing, our team found good PID gain values that resulted in adequate response
behaviors. Table 6.3 displays the gain values for the heading control.
Table 6.3: Table of PID gain values for heading control.
Gain
P
I
D

Value
2.5
0
3.5

These PID gain values demonstrated quick response times and reliably kept Nautilus near
the desired heading. Figure 6.8 is a plot of the system response to a displacement of roughly 45˚.

Figure 6.8: Plot of the heading control system response when Kp = 2.5, Ki = 0, and Kd = 3.5.
Figure 6.8 demonstrates that the system has a quick response time, reaching steady state
within 3.5 s. The system reliably showed similar results in further testing as well, with the
maximum error at steady state being ±3˚. This maximum error held for circumstances where
there was no outside intervention as well. Figure 6.9 shows the system’s typical behavior under
no external forcing.
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Figure 6.9: Plot of heading control system response to no forcing when Kp = 2.5, Ki = 0, and Kd
= 3.5.
When there was no force acting on the system, the ROV stays within ±3˚ of the setpoint.
The sample in Figure 6.9 is representative of the systems general response to no forcing.
There were other PID values that showed promise, but ultimately did not provide as good
of response times. Another PID gain set tried was Kp = 2, Ki = 0, and Kd = 2. Figure 6.10 shows
the resultant plot of the system response.

Figure 6.10: Plot of the heading control system response when Kp = 2, Ki = 0, and Kd = 2.
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Figure 6.10 demonstrates that the system is much slower to reach steady state. In
addition, the ROV tends to maintain a heading consistently over 10˚ off of the setpoint heading,
much larger than our desired error of 5˚. Though this set of PID gains showed low overshoot, it
did not keep as closely to the setpoint during steady state as we would like, so our team decided
to continue with different PID gain values.
Lastly, our group attempted to add a non-zero integral gain. Theoretically, this could
ensure that our system encounters zero steady state error and would improve the system
response. It was avoided in previous tests since our team acknowledge the possibility of the
integral term accumulating over time and leading to inaccuracies. However, for the sake of
experimentation, we tried adding an integral gain of 0.1. This achieved good response times and
high accuracy, as can be seen in Figure 6.11, but had its own issues, which will be gone over in
more detail.

Figure 6.11: Plot of the heading control system response when Kp = 2.5, Ki = 0.1, and Kd = 3.5.
This set of PID gains demonstrated the best system response, with a maximum error at
steady state of ±2˚ and a quick response time of 3.5 s. However, since the system would likely be
run for a considerable amount of time, our team tested to see if the system would remain
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consistent over a longer period of time. Around one and a half minutes into the test, the system
encountered an instability depicted in Figure 6.12.

Figure 6.12: Plot of the instability encountered after 1.5 minutes when Kp = 2.5, Ki = 0.1, and
Kd = 3.5.
This instability occurred without our intervention; Nautilus was resting in the tub, and
without outside intervention, began oscillating wildly. This instability was expected. When using
an integral gain for a PID in an unpredictable environment, the integral term will slowly
accumulate and become disproportionally large over longer periods of time. While it improved
the system performance for a while, it became unreliable after a couple minutes.
An observation made while testing was that there was a noticeable discretization in
thruster outputs and the time between thruster output updates. This meant that even the best PID
gain values could result in either slow response times or extra oscillation. In order to compensate
for this, we ensured the proportional gain was low enough to not have too large of bursts of
rotation. This way, instead of overshooting the targeted heading, it will simply take longer to
reach the target heading.
One possible room for error in our tuning process is the fact that part of the ROV
remains above water. This means that a portion of the rotation of Nautilus is not damped by the
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water, which would allow Nautilus to move more freely. This means that the PID values could
not work as well while the ROV is submerged, and there may be more overshoot than predicted
in our tests. In addition, we did not add the ballast weights to the ROV in order to keep it from
resting on the bottom of the tub. This would introduce some discrepancies between the test and
the field conditions, since the ROV will be heavier and have a higher moment of inertia in the
field. Future field work could allow the ROV to have more accurate PID gain values that would
work in field deployment conditions.
Further testing will likely be conducted to better tune the PID to conditions more
accurately resembling a field deployment, but the PID gains described in Table 6.3 demonstrated
a response that was within our target goal of ±5˚.
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7. LARS
Launch, recovery, and tether management are important, but often unnoticed, aspects of
industrial ROV missions. As explained by Todd Gregory in “Behind the Science 2012 |
Launching ROVs” [46] and “Behind the Science 2012 | Recovering ROVs” [47], ROV launch
and recovery must be carefully choreographed, and can be time complex, time-consuming, and
dangerous.
There are typically two variations of commercial ROV launch and recovery systems
(LARS): crane-style and A-frame style. Hydraulics, like those in construction vehicles, actuate
the main degrees of freedom; a winch with a strong cable lowers and lifts the ROV. A dedicated
tether management system (TMS) manages the tether. A TMS is usually integrated with a LARS
and can even be part of an underwater body which is separate from the ROV.
There are several important reasons why LARS are always used in industrial ROV
missions. ROVs are often far too large and heavy for humans to effectively maneuver, therefore
machinery is required to achieve the necessary lifting and maneuvering strength. LARS also
extend the ROV past an edge of the boat to distance the ROV from the launch vessel, which
prevents damage due to collisions between the two. Overall, without LARS, industrial ROV
launches would not even be possible, and tether management would be extremely challenging.
While smaller-scale ROVs exist, smaller-scale LARS and TMS do not. This is reasonable
for missions using hobby-class small-sized ROVs, like OpenROV and BlueROV2, which are
shallow-water vehicles designed to observe the marine environment through sensors and
cameras. These can essentially be tossed into the water and picked up by hand. However,
maneuvering mid-sized ROVs, which can weigh as much as 260 lb (118 kg), by hand can be
very challenging, and may require several people leaning over the water from a small boat for
launch and/or recovery. Additionally, tether management is a dull and arduous task which
requires multiple dedicated extra hands-on deck.
The benefits of having a LARS or TMS for mid-sized ROVs are similar to those for
industrial applications. At this smaller scale, these systems could help 1) increase the safety of
crewmembers, 2) significantly decrease the amount of manpower needed for launch, recovery,
and tether management, leaving more time and energy for the actual research or exploration, and
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3) prevent uncontrolled collisions between the boat and ROV, which could damage both
vehicles.
The addition of a LARS and a TMS on small boats for lower-budget research missions
has been considered optional in the past, therefore the addition of such systems would be
considered as an investment. The installation of a LARS and TMS will increase the operational
efficiency of both researchers and the ROV team. With a LARS, ROVs with larger payload
capacities for sensors and tooling can more feasibly be used on smaller-scale research missions.
Additionally, by reducing the manpower required for launch, recovery, and tether management,
more resources can be devoted elsewhere, such as on the actual research mission. Also, damages
to the boat and ROV will be prevented, and a proper tether management system can reduce the
frequency of tethers breaking. Fewer people dedicated to ROV operations tasks can even allow
for more scientists on smaller boats with limited capacity, which can greatly increase the
productivity of such missions. Overall, decreasing the downtime and cost of research missions
such as the ones that the Robotics Systems Laboratory enable through their underwater ROVs
can decrease the barrier-to-entry for smaller-scale research missions, enabling a wider range of
research to be performed underwater.

7.1 Requirements
A brief list of requirements for the LARS and TMS can be seen in Table 2.4. These
requirements were derived from constraints, customer needs, and team goals. Essentially, the
goals of the LARS are to increase safety and mission productivity without sacrificing reliability.
Some constraints help us fulfill those goals. For example, the design must remain within the
pontoon boat’s load capacity. Also, the system cannot be extensively intrusive to the boat, and it
must be removable and portable. Overall, the system should be useful in addition to being safe.
Additions to the ROV-boat system must improve the overall operational efficiency of missions
by reducing the number of people required for launch and recovery and tether management. If
the TMS is to be an automatic system, it should reduce the chance of tether breakages by limiting
the tension on the tether and keeping the tether neatly coiled.
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7.2 Concept Selection
In addition to the standard industrial LARS shapes, several LARS concepts, as shown in
Appendix B1, were brainstormed and sketched. We weighed the benefits and feasibility of each
design combination in a decision matrix, which was used as a guide to weigh each design’s
benefits, like customer fulfillment, and costs, like design complexity. While each of the possible
design combinations have unique strengths and weaknesses, the idea-combo that the decision
matrix projected would provide the most benefit with the least cost turned out to be a
compromise between complexity and feasibility. The system we chose to design and prototype
was a combination of the latching mechanism of LARS Concept Sketch 1 in Appendix B1 and
the crane mechanism in LARS Concept Sketch 4, resulting in a crane that pivots over the water
with a self-latching winch that can raise and lower the ROV. After Prototyping the complex
latching mechanism, we decided to simplify the system and use a simple hook and eyebolt for
latching.

7.3 Design Overview
A basic sketch of the LARS is shown in Figure 7.1. The vertical member is mounted to
the front deck of the pontoon boat. The boom is supported by two main contact points. The first
is an axle within the vertical member, and the second is via the truss support member, which
contacts the side of the vertical member via bearings that roll around the outside of the vertical
member as the boom pivots. The pivot motor powers the pivoting motion via a high torque gear
train. A simple manual hook latch is at the end of the winch cable to hook on to the ROV’s
eyebolt. The “pyramid” is a structure intended to reduce the sway of the ROV when the ROV has
been retracted to the tip of the boom. It is easy to adjust the angle of the boom by changing the
truss support member’s top pin location. The whole boom can also be removed by taking out 3
quick-release pins.
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Figure 7.1: A sketch of the complete launch and recovery system is shown.

7.3.1 Small Scale Prototype
A small-scale prototype was modeled using CAD, as shown in Figure 7.2, and was
fabricated and assembled as shown in Figure 7.3 so that we could learn more about the feasibility
of the chosen ideas. Due to the limited contact and resources available during COVID, we
designed the prototype to be entirely manufacturable in the maker lab using only 3D printers and
a laser cutter. The prototype stands at a height of about 3 ft (0.9 m), and the boom length is about
2 ft (0.6 m), however the final aspect ratio of the boom would require a boom longer than the
LARS is tall.
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Figure 7.2: A CAD of the small scale launch and recovery system prototype.

Figure 7.3: A photo of the small- scale prototype manufactured using SCU Maker Lab tools.
Based on tests performed with the prototype, several mechanical concepts were verified,
we learned ways to improve the system, and we discovered areas that need careful design work
on a full-scale system. The mostly plastic prototype was determined to be able to lift more than
10 lb (4.5 kg). The downwards extended truss member with roller bearings shown in Figure 7.4a
turned out to be incredibly useful in the strength of the design, as any axle in the center of the
pivot would likely not be able to withstand the bending forces that the boom would cause.
Additionally, it was a concern that torque applied at the end of the boom would cause the system
to flex and potentially derail the truss support bearings. The separation distance of the bearings
and the load relative to the potential torque caused strain to be distributed throughout the boom,
and there were no signs of a possible dislocation of the bearings in the prototype.
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Based on the relative inertia of the boom and ROV at the end of the boom, it is apparent
that a very high gear ratio for the pivoting motion, which, for the prototype, is shown in Figure
7.4b, is necessary in the final version to power the swivel motion and prevent and dampen
excessive swinging. In our prototype, the gear ratio was about 1:4. After testing with the
prototype, it is clear that a much higher gear ratio will be needed. Additionally, the pivot
mechanism cannot tolerate high amounts of backlash, as the extended boom will translate small
backlash to large swaying movements.

(a)

(b)

Figure 7.4: Close-ups of the roller bearings (a) and pivot gear mesh (b).
In our prototype, we tested the concept of using an automatic latching mechanism based
on systems used for industrial ROVs. The concept is to use the tether as a guide for a female
latch connected to the winch cable to be guided onto the male latch attached to the ROV. The
latching mechanism we prototyped is shown in Figure 7.5. Many factors contributed to failures
to latch and remain latched, which are summarized in Table 7.1, along with potential solutions to
the problems. The biggest problem was that the female latch did not have a positive grab on the
male latch, meaning increased tension on the connection would disconnect the latch. Several
factors can help us design a successful latching mechanism. One reason for the weak latching
connection had to do with the relative position of the pivot point with respect to the sloped
latching surfaces. The downwards force on the pivoting latch caused an outward torque about the
pivot point that decoupled the connection, as seen in Figure 7.5. The simple solution is to move
the pivot point inwards, as shown in the force diagram in Figure 7.6.
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Figure 7.5: A prototype of the self-latching mechanism.
Table 7.1: Latching Failures and Proposed Solutions
Problem

Solution

Jaws do not open

Increase female latch weight, keep tether taught

Cables twisting

Separate cables by small distance, imbalance the female latch to limit rotation

Imbalanced latching

Locate winch tie-down point on the female latch closer to the center of gravity

Latch not secure

Shift pivot point inwards, increase mating angle and mating depth,

Figure 7.6: Detailed force diagrams demonstrating the latching problem.
The relative strength of the prototype is promising, especially considering that it is made
of plastic. Since the system inherently experiences large bending moments due to large lever
arms, the strength of the boom is one of the most important aspects of the design. Overall, the
prototype helped us verify design concepts and anticipate challenges in the final design.
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7.3.4 Design Configuration
We designed a fully customized LARS from scratch to fulfill our use-case in a
convenient, portable, and unobtrusive package. At a height of 45 ft (1.14 m), the LARS is short
enough to see over, but tall enough to lift the RSL’s tallest ROV onto the deck of the pontoon
boat. The boom, at 55 ft (1.4 m), is long enough to reach out over the water and short enough to
pivot an ROV back over the deck. A basic graphical representation of the range of motion on the
LARS with this boom length is shown in Figure 7.7.

Figure 7.7: A basic graphical representation of the LARS’ range of motion.
To make fold-down, disassembly, and storage easy and fast without needing specialized
tooling, we used quick-release pins for the joint of the major members. For materials, we chose
marine-grade hardware and aluminum for the main structural components to mitigate corrosion.
For safe dynamic control of the system, we integrated a powered high torque pivoting motor with
braking capabilities and an electric winch for lifting the full weight of the ROV.
The entire system was designed in CAD with configurable parameters, such as lengths
and cross-sectional dimensions like wall thickness and tube width. Other parameters included
tolerances, bearing dimensions, which were dependent on hardware selection, and the number of
rollers used in contact with the vertical tube.
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7.3.5 LARS Structural Analyses
Of course, our design would not be plausible without having done calculations and
simulations to make sure it could lift the proper amount of weight with a sufficient factor of
safety. Every component was designed or chosen to support a static load of at least 200 lb (90
kg) at the end of the roughly 5 ft (1.4 m) boom, with most parts designed with a factor of safety
of 4 or higher.
Using standard strength-of-materials knowledge, we designed a spreadsheet, shown in
Appendix K, that helped us determine the dimensions and cross sections for each major
structural component as well as hardware specifications. Based on the calculations from the
spreadsheet and standard aluminum tubing sizes, we selected the lightest cross-sections that
could support our loading with a factor of safety of 4 or higher. This resulted in the dimensional
parameters summarized in Table 7.2.

Table 7.2: Dimensions of cross-sections in the major structural components of the LARS.
Tube Parameters

Value

Boom Parameters

Value

Height

42 in

Boom Length

48 in

Outer Diameter

4.5 in

Boom Width

2 in

Thickness

¼ in

Boom Height

2 in

Boom Thickness

1/8 in

Support Parameters

Value

Roller Assembly Parameters

Support Length

39 in

No. Roller Bearings

Support Width

2 in

Roller Bearing Contact Angle

45 deg

Support Height

2 in

Roller Bearing Diameter

9/16 in

Roller Bearing Inner Diameter

3/8 in

Roller Plate Thickness

1/4 in

Support Thickness

1/16 in
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Value
5

We entered these cross sections into the parametric CAD model, then used Finite
Element Analysis tools to simulate load on the structure. A CAD model of the frame overlayed
with the mesh-grid and safety factor at a deformation scale of 40x is shown in Figure 7.9. Based
on the results of our simulations, we modified the design in several iterations to accommodate
for stress concentrations in certain areas.
A major area of concern were the roller bearings contacting the outside of the vertical
tube. Since the contact area is theoretically zero for two cylinders in contact, the pressure at these
points is theoretically infinite. We increased the number of rollers from 3 to 5 and increased the
mesh density in this area to accommodate for this. Additionally, we saw minor stress
concentrations at the inside corners of the gussets, however, they were within a reasonable factor
of safety and the gusset cutouts were considered optional and are included mostly for aesthetics.

Figure 7.8: LARS FEA Simulation with a loading of 250 lb and a deformation scale of 40x and
several nodes showing the local factor of safety.
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7.3.6 LARS Drawings
Unfortunately, because of the restrictions due to COVID and subsequent limited access to
SCU’s machine shop, our team decided not to fabricate the LARS we designed. However, given
the usefulness and safety enhancements that the LARS could provide, we decided to do as much
as we could online and at home. This not only involved the many simulations we ran to validate
the design, but also involved us creating detail and assembly drawings that could be used to
machine the parts and assemble the system at any time in the future. By having a completed
design and detail drawings, future groups can fabricate and install the LARS when it is more
possible to do so. These drawings can be seen in
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Appendix L: LARS Detail and Assembly Drawings.

7.4 LARS Future Work
Future work would obviously include machining and assembling the LARS. Stock
aluminum, hardware, and electrical components have also not been purchased. Additionally, due
to limited access to the RSL’s pontoon boat, our team was unable to determine a suitable hole
pattern for the base of the LARS to line up with the structural aluminum under the boat, therefore
some measurements and modifications to the base should be included in future work.
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8. Integrated Testing
8.1 Testing Background and Location
Each member of our senior design group enrolled in the class ENGR 180: Marine
Operations. This provided us with the opportunity to deploy Nautilus in a body of water, which
would allow us to verify many aspects of the ROV-ship system that we had completed.
We deployed Nautilus at Calero Reservoir in the Santa Teresa Hills of San Jose, CA.
This is a relatively small and shallow lake, having a maximum depth of around 76 ft (23 m).
While the reservoir enabled us to test the basic functionality of the ROV, it could not provide our
team with all the conditions Nautilus is expected to operate in. Since the reservoir is so shallow,
and since it was difficult to find the location of maximum depth, the reservoir could not allow us
to test Nautilus to a depth greater than 50 ft (15 m). In addition to the limitation of depth testing,
the water is also murky, meaning that the camera could see no further than a couple feet. With
this limitation, we could not verify whether the altimeter would give reasonable sensory data,
since we couldn’t not visually verify the approximate distance of the ROV from the bottom of
the reservoir. Figure 8.1 shows an image of Calero Reservoir.

Figure 8.1: Photo of Calero Reservoir.
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8.2 Testing Procedure
In order to ensure that we would get the most information out of the test as possible, our
team created a testing procedure. This consisted of a step-by-step guide for pre-deployment, the
actual deployment, and the post-deployment.
The first part of the pre-deployment phase involves ensuring that all the housings are
closed tightly, all the physical components of the ROV are secured, and the thruster mounts are
in their proper position. Then, the batteries are inspected, placed in their housing, and Nautilus is
powered up. The communication between the ROV and the topside computer is established and
verified before lowering the ROV into the water. Once in the water, we add weights to properly
ballast the ROV. There needs to be a slightly net positive buoyant force after adding the weights
so that the ROV can surface if it completely shuts down.
During the deployment, we first test the joystick controls of the ROV at the surface to
visually ensure that it would travel according to the pilot’s joystick commands. While at the
surface, we also verify the rotation counter works. The compass sensor and the compass control
are also tested and verified by visual inspection to make sure that they are accurate.
Next, we pilot Nautilus to nearly the bottom of the reservoir, monitoring the depth sensor
to make sure it gives reasonable outputs. Once near the bottom, we test the altitude control
system and tuned the PID gain values. We use the camera and the altimeter to monitor this
process, making sure Nautilus doesn’t collide with any underwater terrain.
Once the PID gains are tuned, we surface Nautilus and retrieve it from the water. After
washing off the ROV, we dry the ROV, open the battery can, disconnect the battery, and store
the battery in its proper container. Finally, we examine the logged data for analysis.
A thorough deployment process can be found in Appendix M, including a step-by-step
walkthrough of pre-deployment, deployment, and post-deployment procedures.

8.3 Testing Day
All of the pre-deployment procedures ran smoothly on testing day. The 3D printed ballast
mounts securely fixed the ballast weights to the ROV frame, and the operating system ran
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smoothly. After the ROV was deployed into the water, all the structural elements did as they
were supposed to. The housing remained watertight and secured to the frame, the thrusters
mounts were also secure, and the ballast mounts held.
Our team tested basic joystick inputs (forward, strafe, rotate, etc.) and Nautilus responded
accordingly. While the reservoir had low visibility, the camera was reliable sending video to the
topside computer. We were able to ballast the ROV well, with a slightly positive buoyant force.
Figure 8.2 is an image of Nautilus in action.

Figure 8.2: Image of Nautilus moving near the surface of the water.
After some successful maneuvering, however, Nautilus began to rotate without user
input. Even after disconnecting the topside computer, the thrusters continued to rotate the ROV.
Luckily, our team members were able to grab the ROV and haul it onto the boat, quickly (but
safely) disconnecting the batteries and powering down the ROV. Nautilus sustained no damage,
and our team started to theorize what malfunctioned and how to solve the issue.
Unfortunately, our team couldn’t log any quantitative useful data during that deployment,
such as the control system responses and experimental battery life. This is because the ROV
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malfunctioned before we could conduct testing. Still, our team learned much from the
deployment and gained qualitative data which will be useful in the future.

8.4 Results and Discussion
After some thought and troubleshooting on the pontoon boat, our team had a couple
theories as to how the ROV malfunctioned. The leading theory, however, was that the setup of
the topside computer was too fragile. Unfortunately, by the time the deployment date arrived, our
team didn’t have possession of the computer we planned to use for normal deployments. Because
of this, we had to run the operating software off of a hard drive connected to Nick Ellis’ laptop
via a sensitive USB connection. In order to verify that this was the problem, our team tested
Nautilus with the same setup and waited to see if we encountered the issue again. While we have
still not encountered the issue, no other theories have held.
Our team also learned how useful a LARS would be to deployments, since we did not
construct the LARS before this deployment. In order to bring Nautilus back on the deck, two
members had to lay on the front of the boat and haul the heavy ROV up. While the process took
around than 5 minutes, it was a difficult and strenuous task. In the future, if a similar situation
occurs, we could more easily and safely haul the ROV out of the water. Figure 8.3 is an image
demonstrating what the retrieval process looks like.

Figure 8.3: Image of our senior design team hauling Nautilus back on deck.
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8.5 Response
In response to the malfunction our team encountered during deployment, we conducted
further testing and designed some additional safety features. In future testing, our team kept an
eye out for a similar malfunction in order to keep track of what could have possibly caused it.
In addition, our team set out to implement a topside power switch to disconnect the
batteries from the other electronics from the boat. If the thrusters were to continue with a
particular motion without user input, as it had done during the deployment, our team would be
able to power the ROV down, let it float to the surface, and retrieve it without danger. This
would be especially useful if the vertical thrusters were stuck accelerating the Nautilus down
towards the bottom of the body of water. Without the topside power switch, we would have to
wait until the ROV ran out of battery until it would begin to surface. However, with the power
switch, we could drastically reduce the amount of time needed to wait for the ROV to surface
from the slightly buoyant force.
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9. Patent Search
9.1 Introduction
The aim of our project is to modernize the ROV Nautilus and ship system to create an
integrated product that encompasses the needs of both underwater ROV operations and ship-side
deployment and recovery methods. One specific subsystem of our product is a Launch and
Recovery System (LARS), which is designed to lower the ROV into the water during
deployments and lift it out after deployments.
Nautilus is a 180 lb (81 kg) tethered ROV, and the deployment vessel is a 24 ft (7.3 m)
long by 8 ft (2.4 m) wide pontoon boat. The front deck of this boat is about 2 ft (0.6 m) above
sea level and is about 3 ft (0.9 m) long. A LARS for this boat must fit on the front deck, leaving
enough room to place the ROV on the front deck as well, and be able to move a minimum of 200
lb (91 kg) from the water to the front deck of the vessel.

9.2 Description of Invention
Our team designed a small-scale pivoting LARS for a medium-sized ROV. As stated
previously, our LARS is designed to lower the ROV into the water during deployments and raise
it out of the water after deployments. This will reduce strain and risk for the crew members and
make missions easier.
Though this problem has been solved with other crane designs in the past, our team’s
LARS design makes several improvements to other LARS and similar hoisting equipment. One
of the first improvements it makes to other LARS is its scale. Nearly all other LARS are
designed for large ships and used on industrial-class ROVs. However, our LARS works for
observational ROVs, which can be upwards of 200 lb (91 kg), that are still cumbersome to haul
in and out of the water by hand. In addition to this, the LARS is easily removable and collapsible
for storage.
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The LARS we designed consists of a ~4 ft (1.2 m) tall vertical tube, a motorized pivoting
mechanism on top of the tube, a ~5 ft (1.5 m) boom to extend over the water, and a 1000 lb
(4445 N) electric winch mounted on the boom. The boom is supported by the vertical tube via a
diagonal support member that is able to roll around the outside of the vertical tube. A detailed
drawing of this assembly can be seen in Appendix L. The boom can be folded down for optimal
storage by removing the pins, and the boom assembly can be removed by pulling it up out of the
tube. The system was designed to handle 200 lb (91 kg) at the end of the boom with a safety
factor of 4 for most major components.
The main inventor of this design is Trent Kelsall, with some support from Nicky Castillo
and Nick Ellis. The initial idea was initiated on November 24th, 2020, and the complete design
was finished on March 18th, 2021.
One of the patent classifications that are relevant to this design is B66C19/02, which is
related to cranes consisting of trolly crabs running on fixed or moveable bridges or gantry
collapsible. Another relevant classification is B60P1/483, which is related to vehicles for
transporting loads. Lastly, B63B27/00, arrangement of ship-based loading or unloading
equipment is also heavily related to our project.

9.3 Review of Prior Art
There are several existing inventions with a similar goal to the one which our team
designed.
US Patent 10577227B1 describes a portable crane that can be composed of composite
materials and can be assembled with multiple latching members. The patent applies to many
types of cranes, including a type of crane, shown in Figure 9.1, which is very similar to our own
LARS design.
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Figure 9.1: US10577227B1 portable gantry crane formed of composite members (used without
permission) [48].
The concepts of using composite materials and enabling quick assembly with latching
members is not new. However, in the application of making portable cranes, such as gantry or
truck-bed cranes, it can be beneficial to increase the portability in these ways. The use of latching
members can reduce the packable size into segments that can easily be reassembled into a crane
with little to no tooling required. The concept of portability and easy installation is important in
our LARS design.
In our LARS design, we implemented quick-release pins on several members that allows
us to easily remove a support member. The entire boom assembly can be removed by pulling it
up out of the crane base. Another pin can be removed to allow the disassembler to remove the
vertical tube member from the base.
The US patent US20080317579A1 describes a crane/lift/hoist that can be used on a
flatbed truck to move an object from the ground to the bed of a truck. In practice, these are the
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same conditions required for a LARS on a boat. An ROV which is lower than the deck of the
boat must be moved from the water to the deck. The solution described in this patent is called an
A-Frame and is one of the options we considered when brainstorming ideas for general LARS
shapes. An image is shown in Figure 9.2.

Figure 9.2: US20080317579A1 flat-bed truck with crane, lift or hoist (used without permission)
[49].
Since the space on the front deck of the pontoon boat is limited and frequently traversed,
we decided to design a more crane-like system, with one upright and a long boom. With this AFrame, the object being lifted must be in-line with the center of the back of the truck bed. With a
pivoting crane, the ROV can be anywhere within reach of the swiveling boom.
The Canadian patent CA2971616C describes a truck-mounted crane that folds out to lift
an object and folds back over the truck bed to lower it into the truck bed. This folding motion is
hydraulically powered, and it serves the purpose of both lowering the object and storing itself in
a compact and unobtrusive manner. While this solution is an innovative way to circumvent using
a forklift to place heavy loads on a truck, its limited range of motion makes retrieving a nonstatic object difficult. This is similar to the previous patent but can reach out further beyond the
end of the truck bed. Figure 9.3 is a sketch of the patent.
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Figure 9.3: CA2971616C truck-mounted crane (used without permission) [50].
Our pivoting small-scale LARS is structured like a crane, which allows it to be positioned
with more versatility. Also, our LARS uses minimal space to operate. While this truck-mounted
crane would take up a large area of the front of the pontoon boat, our design would only require a
small area, and it would take up an even smaller area when stored in its compact configuration.
The US patent US5020843A describes a locking latching mechanism for a typical crane
hook. This design uses a latch that is spring loaded to keep it normally closed. A locking pin can
be positioned in two different slots to either prevent the spring-loaded latch from opening or
closing. In the configuration depicted here, the latch is locked closed, since the pin is preventing
the latch from being pushed open. There is an additional safety pin that fits on the end of the
locking pin to prevent it from falling out. Figure 9.4 is a sketch of the patent.
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Figure 9.4: US5020843A crane hook Latch with sliding lock bar (used without permission) [51].
The design in this patent is very similar to a locking mechanism we would like to use on
our LARS system. The key difference is that instead of having the locking pin mechanism, we
would like to be able to open to latch from a distance, allowing the hook to grab onto the ROV
more easily. A cable that connects to the spring-loaded latch can be pulled from the deck of the
boat, opening the latch and allowing an easier hook-ROV attachment. The locking pin is still
useful but having the ability to open the jaws from a distance adds more flexibility to the design.
The US patent US9540076B1 describes a LARS which is to be mounted on the back of a
large boat to launch and recover industrial-class ROVs. It includes a pass-through tether
management system, and included data storage system, and it eliminates the need for an armored
umbilical. It requires a dedicated multi service vessel (MSV) to have all the machinery and
components fixed to it. Though the specific design uniquely implements many aspects to make
deployments easier, safer, and more efficient, it reflects a general approach to LARS used for
industrial ROVs. Figure 9.5 is an overview sketch of the patent.
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Figure 9.5: US9540076B1 system of launch and recovery of underwater remotely operated
vehicles (used without permission) [52].
Though this design is very effective for industrial-class ROVs, it is not practical to use
for smaller ROVs such as Nautilus. Our design is much smaller and compact, and it also does not
require a heavy-duty TMS like an industrial ROV would need. In addition, our small-scale
pivoting LARS is compatible, so it can be easily stored in a small volume when not in use.

9.4 Conclusion
While several other patents could provide possible solutions to the issue of deploying and
retrieving a medium-sized underwater ROV, our design for a pivoting small-scale LARS brings
several benefits that are not encompassed by existing patents. It is easily disassembled for
storage and compactness, being non-permanently attached to the deployment vessel. It also takes
up a small amount of space on the deployment vessel, and it can enter an even more compact
mode if the boom arm is folded. Our design’s locking mechanism would be able to be opened
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from a distance, making attachment to the ROV much easier. Lastly, it will be smaller than other
LARS made explicitly for underwater ROVs, better suited for medium-sized ROVs like
Nautilus.
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10. Engineering Standards
10.1 ASME Y14.5
As with any engineering design, our project and the procedure surrounding our project
must satisfy a few standards. One of the first standards we chose to follow was the GD&T
standards of ASME Y14.5 for the machine drawings of the LARS. This standard specifies
guidelines to efficiently communicating mechanical designs and how to notate tolerances, datum
planes, and other key features.
Using this standard will help our team in multiple ways. The first benefit to using it is to
ensure that the machined components of the LARS will accurately reflect our design. If there is
ambiguity between our design and the machinist, then it is possible that the machined
components will not be able to function properly with the rest of the design or even possibly fail.
Since ASME Y14.5 is a universal standard, using it will ensure that any machinist can
manufacture the components with no misunderstanding. Since our senior design team is not
planning on manufacturing the LARS, and it would likely be another group that continues that
work, it is best to leave no room for misinterpretation of our design for future users.
In addition to manufacturing concerns, using a standard like ASME Y14.5 will be ideal
for documentations. Since the standard is designed to leave no ambiguity, it will be ideal to
efficiently and accurately communicate our designs for review and future work. This will allow
our senior design thesis to be a stand-alone document, not needing one of us to fully explain the
details of our design.

10.2 RSL LiPo Battery Safety Procedure
Another standard we will be designing for and following is the RSL LiPo battery safety
procedure. The method of charging, storing, and using LiPo batteries is regulated in the RSL,
and since we are designing this product for the RSL, we must follow their safety regulations. We
will be using their storage containers to store the ROV batteries, when the ROV is not in use, and
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we will transport the batteries in the bags and boxes that the RSL already has. Using this
procedure will ensure that the LiPo batteries are safely handled and used.

10.3 SCU Marine Operations Safety Guidelines
For our deployment procedure for Nautilus, we will be following the safety guidelines
that the RSL has in place. Much of this material is covered in the class ENGR 180: Marine
Operations. This outlines a few critical components of a safe deployment, such as a predeployment checklist, a safety officer, and other procedures on the boat. The pre-deployment
checklist consists of all the steps which must be done before a functional and safe deployment.
The safety officer is in charge of making sure this procedure is followed, and this officer alone
can arm the ROV. Other standard procedures are covered in the ENGR 180 class and ensure a
safe deployment.

10.4 GL ROV Rules & Standards
While there are no universal standards for the design of an ROV, our team followed
several of the principles of Germanischer Lloyd Aktiengesellschaft (GL), a marine safety survey
society in Germany. We found that their rules and standards for ROVs had many good principles
for ROV design and safety, though it is not a required standard for our usage. It provides general
factors of safety for pressure, advises to use interchangeable parts, and includes many other good
organizational principles. Many of our ROV components exceed the factor of safety specified by
GL, and we have planned for interchangeability of the batteries, thrusters, and other key
components. By following several of these principles, we created an ROV that is up to par with
many existing ROVs of the same class.
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11. Future Impact
11.1 Introduction
The goal of this project was to retrofit an outdated marine remotely operated vehicle
(ROV) and develop a better deployment and operation system. We reconfigured the thrusters,
made necessary structural modifications and additions, designed major updates for the GUI,
engineered closed-loop control for the ROV, and designed a launch and recovery system (LARS)
from which to deploy the ROV.
ROV Nautilus’ main purpose is to conduct scientific research. In the past, Nautilus was
used to conduct geological research in Lake Tahoe for the US Geological Survey and University
of Nevada. By using the onboard camera, geologists can examine types of rocks, fault lines, and
other geological features to learn more about the history of Lake Tahoe. After completing our
project, Nautilus is expected to be used in Lake Tahoe again for similar work. However, due to
its modular structural, electrical, and software systems, it can easily be adjusted to suit other
research objectives, such as oceanic environmental or biological studies. Future users or groups
can easily add manipulators, sensors, sampling tools, and additional telemetry to adapt Nautilus
to a multitude of scientific research opportunities.

11.2 Background Information
In the near future, the Nautilus-ship system will be used for environmental examination,
particularly Lake Tahoe, which can help geologists uncover useful information about the area.
The RSL’s Triton and original Nautilus were used in the past to examine rock formations, fault
lines, and other geological features, which led to the discovery of a historic tsunami that occurred
in Lake Tahoe several thousand years ago [53]. We expect Nautilus to continue collecting more
data that can reveal more information about the local environment in the near future. We also
expect the applications of Nautilus to be expanded into many different areas of research
throughout its lifetime.
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11.2.1 Health and Safety
The safety of the operators of the Nautilus-ship system was one of the highest priorities
of our project. Nautilus and Triton are heavy ROVs for the size of the boat and equipment used
on research missions by the RSL. Launch and recovery for these ROVs has been difficult,
unsafe, and inefficient in the past. One of the biggest reasons we incorporated a LARS into the
scope of this project was to increase the safety during the deployment and recovery of the RSL’s
ROVs, including Nautilus. Since the RSL’s pontoon boat is their main deployment vessel, we
designed the system to mount to the deck of this boat. In addition to the LARS, we integrated
several other safety features into the Nautilus-ship system to prevent injury and damage, such as
the ability to disarm thrusters when handling Nautilus and leak detectors inside each
waterproofed pressure housing. Additionally, Nautilus has quick-release ballast mounts that
allows users to quickly and easily remove much of the ROV’s weight before lifting it.

11.2.2 Manufacturability
We designed all systems to be easily manufacturable with the resources available to us.
The LARS and ROV components were designed to be machined using tools typically available
either at home or in the SCU machine shop. Though none of our subsystems will be massproduced, manufacturability was still a large concern for our LARS and ROV components, such
as thruster mounts, since any machining would be performed by us in a very limited time-frame
due to COVID-related restrictions. To expedite and simplify the manufacturing process, we
designed parts that could be easily made from stock materials and standardized fastener sizes.
We also created detail and assembly drawings to make machining and assembly straightforward.

11.2.3 Economic Factors
Our team also had to consider some of the economic factors of the ROV and LARS
designs. In order to avoid high manufacturing costs, we designed all parts to be made from
cheap, widely available, and reliable materials. We also standardized fastener and O-ring sizes
allowing us to order fasteners in bulk rather than individual specialized sizes. For the
manufacturing process, we worked with a local machine shop to machine our thruster mounts
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and other ROV components for free. In addition, we used several parts that the RSL already
possessed, including the expensive batteries and numerous high-quality thrusters.

11.2.4 Sustainability
We also designed the Nautilus-ship system to be sustainable. The ROV’s frame and
buoyancy were reused from the original 20+ year old ROV, and we expect the frame and
buoyancy to be usable far into the future. Additionally, the systems we added are designed to be
durable, reliable, and easily upgradable. New electrical systems, software modifications, and
extra tooling can easily be incorporated into the existing system without making significant
modifications. Modular and strategic pressure housing layouts allow for different tooling sleds to
be designed and attached to Nautilus, allowing more versatility and flexibility. Nautilus’
versatility and adaptability means less resources will be needed to develop an entirely new ROV
for specific tasks. The modular LARS design also allows for upgrades and changes without
needing to discard large parts of the system.

11.2.5 Environmental Factors
ROV Nautilus is completely powered by rechargeable lithium-ion batteries. Nautilus
produces no emissions, and can be charged via local power, which is generally sourced from
renewable energy in California and at SCU. The LARS is also electrically powered; however, it
sources its power from the pontoon boat’s deep-cycle battery, which gets recharged by the (gaspowered) outboard motor’s alternator. Both Nautilus and the LARS were designed with
corrosion-resistant materials like aluminum, stainless steel, and various plastics so the systems
do not have to be serviced or replaced for many years. Additionally, the materials used on the
ROV and LARS do not dissolve or leave pollutants in the water. Finally, if the ROV ever lost
power, it would not sink to the bottom and become polluting debris. We consciously designed
Nautilus to be slightly positively buoyant, allowing it to slowly float back to the surface by itself.
This not only prevents the ROV from being an environmental hazard, but also makes it
sustainable since it can be recovered.
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11.3 Assumptions
In order to predict the potential impact of the Nautilus-ship system, our team made a few
assumptions. To provide a conservative estimate of the amount of time Nautilus can spend at its
maximum depth of 1,000 ft (300 m), we assumed that the vertical thrusters and lights would be
operating at all times, and the translational thrusters would be operating at full throttle a third of
the mission time. We also conservatively estimated the amount of drag on the robot, assuming
the ROV would behave like a solid cube underwater. Given the expected current draw of the
thrusters, which can be found in their data sheet on the Blue Robotics website [45], we calculated
the power consumption rate and developed a conservative estimate of mission time per dive,
which came out to be about 1.5 hours.
Another assumption is that Nautilus will be used in the ongoing geological research of
Lake Tahoe. There are still several areas of Lake Tahoe that have not been investigated for the
purpose of discovering the geological history of the lake, and Nautilus will likely be used to
examine several of these uninvestigated areas, as it has done in the past. In addition, we assume
that the LARS will be fully constructed, installed onto the pontoon boat, and used during the
deployments of Nautilus or any other ROVs used to explore Lake Tahoe.

11.4 Future Impact
Our team’s design for Nautilus intended to allow it to be deployed for approximately 1.5
hours at maximum depth with heavy use. This would allow a half hour to be spent travelling to
and from maximum depth and one hour working at maximum depth. Hand calculations for this
timeline can be found in Appendix H. This is a significant amount greater than other batteryoperated ROVs the RSL owns. The other ROV used in Lake Tahoe, named Tessie, can only
operate for a little more than one hour. This dramatic increase in battery life would allow
Nautilus to be used for surveying for over twice as long as Tessie, improving the amount of work
that can be done for each deployment.
The Nautilus-ship system was created with the intent of being used in a plethora of
scientific scenarios, but its most immediate use would be for the geological research in Lake
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Tahoe. While many of the shallower regions of Lake Tahoe have been explored for geologically
significant features, many of the deeper areas have yet to be investigated. The deepest portions of
Lake Tahoe are around 1,200 ft (3,660 m) deep, meaning the newly upgraded Nautilus can be
used to study the uninvestigated portions, up to about 1,000 ft (300 m) underwater. Nautilus is
designed to travel to depths of up to 1,000 ft (300 m), 200% more than the RSL’s ROVs, Tessie
and the BlueROV2. In the future, we expect to see more systems integrated into Nautilus,
allowing it to not only conduct observational and sensor data at greater depths, but also
potentially collect valuable samples too.
The LARS system will increase safety by reducing the strain and number of people
involved in deploying or recovering mid-sized ~200 lb (90 kg) ROVs. Hauling an ROV that
heavy into and out of the water from a boat is dangerous and can pose a risk of injury or damage
to the crew and boat. The LARS eliminates the need for manual lifting and reduces the number
of people required during launch and recovery to one, which decreases the overall risk of injury
for operators and the crew. Additionally, the layout of the LARS system also allows any
operators to distance the ROV from themselves and the boat, which also decreases the risk of
injury and damage.
The use of the LARS will also increase operational efficiency of missions, by reducing
the time and resources required for launch and recovery. Since the boat has a limited capacity,
fewer people required to run the ROV allows for more researchers to attend research missions.
The LARS will also decrease the amount of time required for launch and recovery, which, for
example, can allow for faster battery swaps, faster turnaround times for boating to a different
location, and other related speed improvements during normal operation. Overall, we predict that
a LARS for the RSL’s pontoon boat can provide up to a 5% increase in time efficiency, which
does not include the extra benefits of reducing the risk of injury and damage and allowing more
researchers on the boat during a mission.
The work our senior design team completed in developing the Nautilus-ship system will
have a great impact on the geological research community for Lake Tahoe. Nautilus will make
research missions more productive by increasing the amount of time and area that can be
surveyed in Lake Tahoe. This will lead to more knowledge about the history of the lake and
geological formations in the area. In addition, the LARS will also make missions safer for
personnel, reducing strain and the dangers of deploying a heavy ROV by hand.
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12. Cost Analysis
12.1 ROV
The ROV had several parts which required modernization, so components such as new
sensors, more batteries, and raw materials for machined additions were bought. Table 12.1 gives
the purchases made for the ROV with their price.
Table 12.1: ROV Nautilus budget allocations and predicted lead times.
Component(s)

Qty

Total Price

Lead Time

General electronics components

N/A

$100

2 weeks

Stock materials
(HDPE, Al 6061, Delrin)

N/A

$100

2 weeks

Fasteners, potting compound,
O-rings

N/A

$50

2 weeks

Blue Robotics altimeter

1

$279

2 months

Blue Robotics penetrators

21

$92

1 month

Blue Robotics electronics
housing end cap

1

$48

1 month

Battery housing

1

$209

1 month

Blue Robotics battery

3

$867

1 month

N/A

$130

N/A

-

$1875

-

Blue Robotics shipping + tax
Total

12.2 LARS
Our team originally planned to machine and construct the LARS ourselves, but as
mentioned earlier, COVID restrictions did not allow us to do so. Though we did not actually
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make these purchases, a summary will still be given of the costs for the LARS components. Most
of the purchases will be for raw materials and other basic components like bolts, nuts, and ball
bearings. However, the two most expensive parts of the LARS will likely be the winch and the
motor. A list of the components to be purchased, along with the quantity to purchase, the cost,
and the estimated lead time is found in Table 12.2.
Table 12.2: LARS budget allocations and predicted lead times.
Component(s)

Qty

Cost

Lead Time

Metal stock for struts, boom,
members

N/A

$400

1-2 weeks

Fastening hardware

N/A

$20.00

2-3 days

Bearings

4

$100.00

2-3 days

Winch

1

$65.99

1-2 weeks

Pivoting Motor

1

$400

1 week

Gears or gearbox

2

$100

1 week

Controller (for motor)

1

$20

1-2 weeks

Other electronics and
electrical components
(wiring, switches, buttons,
fuses, etc.)

N/A

$50

1-2 weeks

Shipping and Tax (estimate)

N/A

$145.60

Total

-

$1301.59

-

Since all of the specific details of the LARS will not be completed until the beginning of
Winter Quarter, they will not be purchased until then. Since the lead times are relatively low,
there will be time to complete assembly within the quarter.
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12.3 TMS
As mentioned previously in this thesis, the TMS was low priority for this project.
Existing commercial tether spools will make tether management easy enough for 1-2 people.
That being said, there are relatively few components to purchase for one. Table 12.3 gives a cost
analysis of the necessary components for an automatic TMS.
Table 12.3: TMS budget allocations and predicted lead times.
Component

Qty

Cost

Lead Time

Tether Spool

N/A

$519.00

1 month

Fastening hardware

N/A

$20.00

2-3 days

Motor

1

$200

1 week

Controller (for motor)

1

$20

1-2 weeks

Other electronics and
electrical components
(wiring, switches, buttons,
fuses, etc.)

N/A

$50

1-2 weeks

Shipping and Tax (estimate)

N/A

$100

N/A

Total

-

$909.00

-

Depending on how well the manufacturing and assembly of the ROV and LARS goes,
the automatic TMS will also be further developed. If extra attention is needed for the ROV and
LARS, then the TMS will simply consist of the tether spool. Note that a spreadsheet of the final
budget can be found in Appendix N.
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13. Summary & Conclusions
13.1 Evaluation of Design
By the end of the project, our team’s design fulfilled most of the major requirements.
Versatile thruster mounts allow Nautilus to reach the desired speeds, and the GUI is functional in
all the ways desired. Also, the control system, while not completely tested and tuned for
Nautilus, has demonstrated in Simulink that it will likely be able to achieve the desired results.
The LARS, while unbuild, is designed to fulfill all the major requirements regarding minimum
lifting weight and remaining within the weight limits.

13.2 Suggestions for Improvement
Although our project fulfilled most of its main requirements, there are still several ways
the design can be improved. One of the first ways is to incorporate additional sensors to prove
the system’s expandability. Our team designed for expandability by incorporating additional I2C
ports, developing a modular mounting system used for the ballast weights, and structuring the
code to easily implement new sensors, but adding an additional sensor would prove the ease of
adding instruments.
Another improvement to our design would be to continue tuning work on the ROV
control system. While we tested the heading PID to show decent response behavior, we still have
not done so for the altitude and depth control. By conducting more tests on those specific control
systems, the systems could be proven to be accurate and reliable.

13.3 Future Work
There are several directions future teams can take the Nautilus-ship system. One of the
first things a future team can do is to manufacture, assemble, and install the LARS. This would
be the final stage of LARS design, and it would allow ROV deployment teams to easily deploy
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and retrieve the ROV. While the machine drawings for the LARS is complete, future teams will
need to manufacture it, design the interface between the LARS and the boat, and make a few
additional design choices surrounding the motor and winch.
Another avenue to take would be to improve the user interface for geologists. One
request our group received was to implement some sort of color correction to allow geologists to
see accurate colors of the underwater features and rocks. One way to do this is to add a color
checker card, which is a chart of many different colors. By referencing the apparent colors on the
card, software could balance the colors to make them more accurate on camera. Our team
already designed a 3D-printable mount to hold the color checker card in view of the camera, but
a future team could write software that would automatically balance out the colors.
The control system on Nautilus could also be expanded for increased capability. Using
acoustic positioning methods, the position of Nautilus relative to the boat can be tracked. This
would allow the ROV to have sensory input for all aspects of its position (heading, vertical, and
x-y position), which would allow for waypoint control or path control. This could be especially
helpful for geologists, who would like to know where exactly geological features are. With a
GPS on the boat and the known position of the ROV relative to the boat, features of interest can
easily be mapped.
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Appendix A: Customer Questions and
Responses
Several people involved in the RSL were interviewed as customers for the design project.
While the conversations extended beyond the following question, they were used as a guide to
ensure that we were able to get good information relevant to the design. This Appendix will list
out the questions asked to the customers and then a list of the general information gathered from
the customers.
Customer Questions:
General
● What does the ROV setup look like?
● How is tether management handled?
● Where are the controls on the boat, where does the ROV launch from, and who is
positioned where on the pontoon during launch, deployment, operation and recovery?
● Walk us through the process of deploying the ROV into the water and retrieving it. What
difficulties do you encounter in this process?
The rest of the questions were particular to those interviewed. We decided that since
certain customers were better equipped to answer different particulars of the design project, these
questions would be reserved for them.
For Thomas Adamek Only
● What sort of modifications to the pontoon boat do you think would be easiest/safest to
make in order to attach some sort of deployment/retrieval system?
● Do you have concerns about the additional weight of such a system (with regards to
balance and the weight of the boat)?
● What (roughly) is the size of available space on the boat to add this system?
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For Geoff Wheat Only
● What kind of ROV tooling would be beneficial for your work?
● Are there any controls you wish the ROV had?
● What kind of work do you have the ROV do? (Samples collected, geographical scanning)
● What is the biggest problem that you face as a scientist with ROV deployments?
Customer Responses:
Dr Kitts’s Response:
Dr. Kitts was our team’s main source of guidance for the project. He was the first point of
contact for many inquiries about the desired scope and functionality of the final design. He
outlined the several aspects of the project, such as the desire for a LARS, the TMS, the
modernization of the ROV, and the closed-loop control functionality for the ROV.
Dr. Kitts also outlined several key features each part of the overall system should have.
For the LARS, he specified that it should be mainly a mechanical solution. He recommended the
idea of an A-frame design, though he left the particulars open-ended to our team.
Dr. Kitts also gave some suggestions with regards to what modification to make to the
ROV. One of his main desires was for closed-loop control in the form of a heading or altitude
lock. In addition, it would be helpful to allow the pilot to adjust the gain of the ROV to better
control it. Lastly, Dr. Kitts suggested the idea of having extendable/retractable thrusters. This
would allow the thrusters to be placed in a more advantageous position during missions, but then
be retracted within the aluminum frame to protect them during transportation and storage.
Dr. Neumann’s Response:
Dr. Neumann was able to give some more specifics of Nautilus missions, such as the
amount of people on an average mission, the positioning of team members during missions, and
how ROVs were typically launched and retrieved. In the past, larger ROVs like Nautilus and
Triton were retrieved by hand, involving a couple members of our team to lay down on the front
of the boat with their upper bodies hanging over the water.
Dr. Neumann also explained how the tether was usually managed. It was generally left in
a coil on the boat, while two team members would manage it. One would hold the coil in place
near the center of the boat, and the other would control how much was fed out or drawn back in.
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He also specified that a heading lock would be the most useful application of closed-loop
control since missions often involve travelling in one direction for prolonged periods of time.
Being able to maintain a heading with ± 5 degrees accuracy would be ideal. An altitude lock
would also come in handy, since the ROV is usually maintained at a set distance from the
underwater floor.
Dr. Neuman provided a useful estimate for how long the battery should last on Nautilus.
He said that a mission life of 40 minutes would be a good starting point.
Throughout the interview, Dr. Neumann emphasized the importance of reliability. Since
missions do not occur often and can be costly, it is crucial that each deployment runs smoothly
with minimal errors.
Lastly, Dr. Neumann said that improving the pilot’s control would be helpful. The
joystick used can be “squirrely” at times and having adjustable gain could smooth out operations.
Thomas Adamek’s Response:
Thomas Adamek gave several helpful comments and pieces of information for the
project. Some of his comments were similar to the two previous interviewee’s comments, but he
gave a good amount of clarity to how ROV missions look topside.
Though Adamek threw around the idea of a moon pool in the center of the boat to deploy
the ROV from, he agreed with Dr. Kitts that it should make as few modifications to the boat as
possible. A LARS from the bow of the boat would likely be the most practical solution. There
are also several good anchor points at the bow which we could use to attach a LARS to.
Adamek also gave good information about the acoustic tracking which the ROV is
capable of. This could be a useful method of improving the closed-loop control of the ROV.
When asked about the possibility of station keeping for the pontoon boat, Adamek
entertained the idea, but did not think it was worth pursuing if it was too difficult.
Lastly, Adamek gave good information about tether management. He explained how the
tether most commonly breaks is when coils that form in the middle of the tether are tightened
and create pinch points. These are difficult to avoid completely, and it is nearly impossible to
know when one is developing in the underwater sections of the tether. He also specified that a
good length of tether to have is 600 feet.
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Dr. Wheat’s Response:
Geoff Wheat mainly talked about the uses of the ROV to scientists. He explained that the
types of missions Nautilus would be deployed in would be tracking key geographical features
underwater, such as ridges, trenches, and other features of interest. He specified that the two
major sensors that are important to scientists are temperature and depth.
He also talked about the types of controls on the ROV that would be helpful. He agreed
with the rest of the customers that heading lock would be a useful feature, along with some sort
of altitude lock. He also suggested the idea of including a collision-avoiding capability. The
ROV is often used to look down at the features of interest, and collision-avoiding would allow
the operator to focus on the features of interest without needing to look directly forward from the
ROV as well.
Just as all the other customers emphasized, reliability is an important aspect of this
project.
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Appendix B: Concept Selection
B1: Design Concepts
LARS Concept Sketch 1

Description: The idea proposes a general method to latch and unlatch a winch cable to an
ROV. This concept can be implemented with any type of winch-based LARS, such as an Aframe or a crane-based system, however the tether should ideally be top-mounted on the ROV.
The idea is derived from an industrial LARS and consists of male and female latches that are
concentric with the tether. The female latch uses a taught tether cable as a guide, or “zipline” to
the male latch.
For deployment, the latch would be held closed until the ROV is ready to detach from the
tether. The latch would then be unlatched via a user pulling a cable that pulls the female latch
open. Alternatively, a separate quick-release mechanism could be used instead of the latch for
launch.
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The idea proposes the use of a spring such that the female latch is pushed open by the
male latch when lowered by the winch to the ROV. The latch is then pushed closed by the spring
once they are in mating position. There is a concern of a spring-based latch being forced back
open due to some unpredicted condition and dropping the ROV; this can be prevented by
integrating a lip or by sloping the mating surfaces of the male and female latches such that the
weight of the ROV pushes the latch into the shut position. A raised lip design would lock the
latch permanently under the weight of the ROV, which means deployment would require another
mechanism.
LARS Concept Sketch 2

Description: This concept involves flipping the ROV upside down. The rails are designed
as a funnel for a powered ROV to be driven into. The rails would be sized such that the handles
on Nautilus fit into the slots between them. There may be a one-way latch that maintains the
ROVs position along the rails as it is pivoted out of the water and onto the boat’s deck. While it
would be possible to design it such that modular attachments unique to other ROVs could be
designed and mounted, however the system proposed would only be able to launch and recover
ROV Nautilus.
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LARS Concept Sketch 3

Description: This idea is similar to the first idea, but instead of the entire frame moving,
the cable can be pulled/extended in order to place the ROV over the boat or over the water. This
is shown to be done by a piston, but if the process is not very strenuous, it can also be done by
hand.
LARS Concept Sketch 4
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Description: This is a more traditional approach. A crane’s height is controlled by a
single piston (can be hand-operated or powered), and the amount of cable extending from the
crane can be controlled with a winch (also either hand-operated or powered). The crane can
rotate so that the crane can extend over the front of the pontoon boat into the water or to the side
onto the boat.
LARS Concept Sketch 5
Figure 5a (above): a horizontal latch mechanism
Figure 5b (left): concept of operation

Description: The concept is based
on the latch mechanism in Figure
5a. In fact, the latch and the
mechanism shown in 5b could
individually be integrated into
different concepts.
The proposed mechanism
requires a powered ROV to be
driven into the one-way latch
mechanism, similar to a carabiner.
The design of the end effector should allow for a large margin of error in the Cartesian position,
rotational position, and speed of the ROV. Well designed and tested funnels and slopes could
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support this functionality. An example of a height correcting funnel is seen in 5a, where the slope
would push the ROV up into the latching mechanism.
This latch and lower part of the end-effector counteract the moment of the ROV, where
the latch “pulls” the top, and the bottom “pushes” the bottom of the ROV.
Once the ROV is latched, the four-bar mechanism can then be used to raise the ROV to a
height where the whole mechanism can be pivoted on a turntable onto the deck of the boat.
An advantage to this design is that, due to the secure method of lifting the ROV, the ROV
cannot sway relative to the boat in rough water, as it would hang from a cable.
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ROV LAYOUT SKETCHES

Layout 1:
This layout consists of using a wing design to mount the vertical thrusters. The 4 vector
thrusters are also located at angles on each corner of the frame. The electronics can is centered in
the front, while the 2 power cans are perpendicular to the electronics can and stacked towards the
back of the ROV. A camera can is located at the top-front of the ROV mounted amidst the
buoyancy block.
Layout 2:
This layout consists of mounting the vertical thrusters directly on the outside corners of
the frame in a more exposed fashion. The 4 vector thrusters are also located at angles on each
corner of the frame. The electronics can is centered in the front, while the 2 power cans are
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parallel to the electronics can and stacked towards the back of the ROV. A camera can is located
at the top-front of the ROV mounted amidst the buoyancy block.

Layout 3:
This layout consists of using a wing design to mount the vertical thrusters. The 4 vector
thrusters are also located at angles on each corner of the frame. The electronics can is centered in
the front, while the 2 power cans are parallel to the electronics can and flat side-by-side towards
the back of the ROV. A camera can is located at the top-front of the ROV mounted amidst the
buoyancy block.
Layout 4:
This layout consists of using a wing design to mount 2 vertical thrusters while stacking
the remaining 2 vertical thrusters and mounting them in the center hole of the buoyancy. The 4
vector thrusters are also located at angles on each corner of the frame. The electronics and power
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can are both mounted in parallel in the front, while both batteries are stored in 1 can. A camera
can is located at the top-front of the ROV mounted either amidst the buoyancy block or in
between the two large cans.
VERTICAL THRUSTER ADJUSTABLE MOUNT SKETCHES

Thruster Mount Design 1:
This design mounts the thrusters in a protective frame that swings up on a hinge when in
use. It is held up by fold-out wedges secured by thumbscrews (similar to the side platforms on a
futon couch). There are also small wedges at the top that counter any motion of the assembly to
rotate too far up.
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Thruster Mount Design 2:
This design mounts the thrusters in a protective frame that swings up on a hinge when in
use. It is held in place by pins that lock inside the curved slot of the quarter-circle metal piece
that simultaneously acts like the support. A depiction of both stages of the mount is included
towards the bottom. This design is similar to design 4, except both the thruster and the quartercircle piece rotate about the stationary frame.

Thruster Mount Design 3:
This design mounts the thrusters in a protective frame that slides out like a drawer from
c-channel brackets. When in use, the drawer is pulled out and two small rotating tabs are press-fit
into a small slot in the side of the mount to keep it from sliding in or out. When stored, the
drawer is pushed in and the tab is used to keep the drawer closed. A depiction of both stages of
the mount is included.
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Thruster Mount Design 4:
This design mounts the thruster on a hinge when in use. It is held in place by pins that
lock inside the curved slot of the quarter-circle metal piece that simultaneously acts like the
support. A depiction of both stages of the mount is included. This design is similar to design 2,
except only the thruster and the beam it is mounted on rotates while the quarter-circle piece
remains stationary.
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B2: Decision Matrices
LARS:

ROV Vertical Thrusters:
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Appendix C: Timeline
In order to ensure that our team would be able to accomplish all the necessary
tasks for an operational Nautiluis-ship system, we created a timeline to keep track of our
tasks. Figure C.1 is a timeline for each quarter of the school year.

Figure C.1: An image of the Gantt chart for each quarter.
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The general structure of the timeline follows a typical design process. It starts with
conceptual research and sorting the logistics of the project. Then simulations and sketches are
made to get a better grasp of what the first iteration will look like. After a design is completely
finalized and a bill of materials is created, components and materials are ordered. Machining and
assembly follow, leading to the first iteration, which is to be tested. After initial testing, small
adjustments were made to finalize the design. A presentation of our work and the completion of
the thesis is the final part of the project.
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Appendix D: Hazard Assessment
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Appendix E: ROV Weight + Depth Rating
ROV Weight + Buoyancy + Ballasting Table:

ROV Component and Total Depth Rating Table:
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Appendix F: Battery Housing Calculations
Battery Housing Depth Rating Hand Calculations:
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Battery Housing O-Ring Sizing Table:
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Appendix G: Lift Plate Hand Calculations
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Appendix H: ROV Battery Sizing Calcs
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Appendix I: Vectored Thruster Algorithm
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Appendix J: Simulink PID Simulation
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Appendix K: LARS Calculation Table
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Appendix L: LARS Detail and Assembly
Drawings
4

3

2

19.50

.25
2x

.375

.001

1

.01

.50

B

8x

B

.257 1/4-20 THRU

7.000
8.00

5.000
4.750

.01

4.250
3.500
3.250
3.000

.50

2.000

.500
1.000
1.500
2.00

Notes:
QTY: x2 pieces
A

.01
16.500
18.990

Tolerance (if not specified): 0.005
Cuttout (the triangular hole) may be ignored
Round or Squared corners OK
Break sharp edges

A
TITLE

boomBasePlate.ipt

MATERIAL

QUANTITY

Aluminum 6061
SIZE

B

SCALE

1/2

4

3

2

166

2

AUTHOR
DATE

Trent Kelsall
2/16/2021
1

TOL

UNIT

REV

.005

Inch

A

SHEET

1 OF 1

4

3

7.50

2

.01

1

A

B

B
1.500
2X

.266

.005 THRU
.007 A B

.500

+.004
.750 - .005

(.375)

B

A

A
TITLE

centralAxle.ipt
MATERIAL

QUANTITY

Stainless Steel, 440C
SIZE

B

SCALE

4

4
1.745

3

2

3

2

1

AUTHOR
DATE

1:1

UNITS

Nick Ellis

REV

Inch

2/24/2021
1

SHEET

1 OF 1

1

.005

.873

B

B

.760 .005
.007 A B C
3.000

.005

1.000

B

A
2X 2.500

2X 1.000

4X

.266 .005
.007 A B C

2X 1.373
A

A
A

TITLE

centralAxleBlock.ipt

2X .373
MATERIAL

C
SIZE

B

SCALE

4

3

2

167

QUANTITY

Aluminum 6061

1:1

1

AUTHOR
DATE

UNITS

Nick Ellis

REV

Inch

2/24/2021
1

SHEET

1 OF 1

4

B

3

2

1

B

5/8 THRU
12.00
6x

10-32 THRU

6.00
2.50

1.50

.50
.50

.50
10.50
9.00
7.50
6.00

2.00
.50
2.00
.50

8x #10-32 THRU

A

A

UNLESS OTHERWISE SPECIFIED:
DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL
0.005
TWO PLACE DECIMAL
0.005
THREE PLACE DECIMAL 0.001

DRAWN

NAME

DATE

NC

2/25/21

CHECKED

TITLE:

Boom Base

ENG APPR.
MFG APPR.

INTERPRET GEOMETRIC
TOLERANCING PER:

PROPRIETARY AND CONFIDENTIAL
THE INFORMATION CONTAINED IN THIS
DRAWING IS THE SOLE PROPERTY OF
<INSERT COMPANY NAME HERE>. ANY
REPRODUCTION IN PART OR AS A WHOLE
WITHOUT THE WRITTEN PERMISSION OF
<INSERT COMPANY NAME HERE> IS
PROHIBITED.

4

MATERIAL

6061 Aluminum

USED ON

NEXT ASSY

3

SOLIDWORKS Educational Product. For Instructional Use Only.

FINISH

APPLICATION

DO NOT SCALE DRAWING

Q.A.
COMMENTS

STOCK: 1/8" Thickness
2"x2" Rectangular
Tube
Quantity: 1

REV

B

SCALE: 1:4 WEIGHT:

2

SHEET 1 OF 1

1

2

1

2x

B

SIZE DWG. NO.

11/32 THRU

B
2.00

3.00
6.15
6x 1/4-20 THRU

1.00

48.0±.5
47.00

13/32 THRU

13/32 THRU
2.00

1.00
31.48

32.98

34.48
35.98

37.48

38.98

UNLESS OTHERWISE SPECIFIED:

A

DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL:
0.005
TWO PLACE DECIMAL
0.05
THREE PLACE DECIMAL 0.001

DRAWN

NAME

DATE

NC

2/25/21

CHECKED
ENG APPR.
MFG APPR.

INTERPRET GEOMETRIC
TOLERANCING PER:

PROPRIETARY AND CONFIDENTIAL
THE INFORMATION CONTAINED IN THIS
DRAWING IS THE SOLE PROPERTY OF
<INSERT COMPANY NAME HERE>. ANY
REPRODUCTION IN PART OR AS A WHOLE
WITHOUT THE WRITTEN PERMISSION OF
<INSERT COMPANY NAME HERE> IS
PROHIBITED.

MATERIAL

USED ON

NEXT ASSY
APPLICATION

FINISH

DO NOT SCALE DRAWING

2

A

TITLE:

BoomDrawing

Q.A.
COMMENTS:

STOCK: 1/8" Thickness
2"x2" Rectangular
Tube
QUANTITY: 1

SIZE DWG. NO.

A

SCALE: 1:12 WEIGHT:

1

SOLIDWORKS Educational Product. For Instructional Use Only.

168

REV

SHEET 1 OF 1

4

3

2

1

6.000
4.210
3.661

B

.25

R2.281

B

3.469
1.375
.625
1.790
+.000
1.000 - .005

.969

.625

1.765

x9 .257
1/4-20 THRU

2.109

R.25

2.250
4.272
4.554
A

A
TITLE

Notes:
QTY: x2 pieces

rollerPlate.ipt

MATERIAL

Tolerance (if not specified):
Break sharp edges

QUANTITY

Aluminum 6061

0.005
SIZE

B

SCALE

DATE

Trent Kelsall

1:1

4

3

2

4

3

2

2

AUTHOR

2/17/2021
1

TOL

UNIT

REV

.005

Inch

A

SHEET

1 OF 1

1

B

B

10-32 THRU

.375
.370

.52

A

A

UNLESS OTHERWISE SPECIFIED:
DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL
0.005
TWO PLACE DECIMAL
0.005
THREE PLACE DECIMAL 0.002

DRAWN

NAME

DATE

NC

2/25/20

CHECKED

TITLE:

ENG APPR.
MFG APPR.

INTERPRET GEOMETRIC
TOLERANCING PER:

PROPRIETARY AND CONFIDENTIAL
THE INFORMATION CONTAINED IN THIS
DRAWING IS THE SOLE PROPERTY OF
<INSERT COMPANY NAME HERE>. ANY
REPRODUCTION IN PART OR AS A WHOLE
WITHOUT THE WRITTEN PERMISSION OF
<INSERT COMPANY NAME HERE> IS
PROHIBITED.

4

SOLIDWORKS Educational Product. For Instructional Use Only.

3

MATERIAL

6061 Aluminum

USED ON

NEXT ASSY

FINISH

APPLICATION

DO NOT SCALE DRAWING

2

169

Q.A.
COMMENTS:

Quantity: 6

Roller Plate
Stand Off

SIZE DWG. NO.

B

SCALE: 4:1 WEIGHT:

1

REV

SHEET 1 OF 1

4

3

x2

2

1

0.257 1/4-20 THRU

B

.520

2.00

B

.001

.01

.750

x4

1.250

0.257 1/4-20 THRU

2.000

.001

Notes:
Tolerance (if not specified):
Break sharp edges

A

TITLE

0.005
A

rollerBlock.ipt

MATERIAL

QUANTITY

Aluminum 6061
SIZE

B

SCALE

4

3

2

4

3

2

1.125

.005

.16

1

AUTHOR
DATE

1:1

Trent Kelsall

TOL

UNIT

.005

Inch

2/25/2021
1

SHEET

REV

1 OF 1

1

.01

.01 B
B

A

.760

B

.01 A

A

A

.005
TITLE

thrustBearingSpacer.ipt

B
MATERIAL

QUANTITY

Aluminum 6061
SIZE

B

SCALE

4

3

2

170

5:1

1

AUTHOR
DATE

UNITS

Nick Ellis

REV

Inch

2/24/2021
1

SHEET

1 OF 1

4

3

2

1

B

B
39.0±.5
38.00

1.00

2x

11/16 THRU

A

A

UNLESS OTHERWISE SPECIFIED:
DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL:
0.005
TWO PLACE DECIMAL
0.05

NAME

DATE

NC

2/25/21

DRAWN

TITLE:

CHECKED

Support

ENG APPR.
MFG APPR.
Q.A.

INTERPRET GEOMETRIC
TOLERANCING PER:

PROPRIETARY AND CONFIDENTIAL
THE INFORMATION CONTAINED IN THIS
DRAWING IS THE SOLE PROPERTY OF
<INSERT COMPANY NAME HERE>. ANY
REPRODUCTION IN PART OR AS A WHOLE
WITHOUT THE WRITTEN PERMISSION OF
<INSERT COMPANY NAME HERE> IS
PROHIBITED.

COMMENTS:

MATERIAL

6061 Aluminum

FINISH

USED ON

NEXT ASSY
APPLICATION

DO NOT SCALE DRAWING

STOCK: 1/8" Thickness
2"x2" Rectangular Tube
QUANTITY: 1

SIZE DWG. NO.

REV

B

3

2

1

4

3

2

1

42.0

SHEET 1 OF 1

SCALE: 1:8 WEIGHT:

4

SOLIDWORKS Educational Product. For Instructional Use Only.

.1

A
8X 2.00

.01

A
8X

B

.01 A
.01 B

.266 .005
.005 C

B

A
8X 45.00

.01

B

4.500 .035
.01 C
A

A
4.00

TITLE

tube.ipt
MATERIAL

C

SIZE

B

SCALE

1 / 3.5

4

3

2

171

QUANTITY

Aluminum 6061

1

AUTHOR
DATE

UNITS

Nick Ellis

REV

Inch

2/24/2021
1

SHEET

1 OF 1

TAIL B
E 0.40 : 1

4

3

2

1
PARTS LIST
ITEM
1
2
3
4
5

2

QTY
1
1
1
1
3

PART NUMBER
Vertical Tube Assembly
Pivot Assembly
Boom Assembly
Support Member
Quick Release Pin

DESCRIPTION
See Sheet 2
See Sheet 3
See Sheet 4
D: 3/8" L: 2.5" quick
release pin

B

B

3
1

4

5

A

A
TITLE

LARS.iam

MATERIAL

QUANTITY

1
SIZE

B

SCALE

1/5

4

3

2

4

3

2

4
2
2

AUTHOR
DATE

Trent Kelsall

TOL

UNIT

REV

.005

Inch

B

2/27/2021

SHEET

1

1 OF 5

1
ITEM
1
2
3
4

QTY
1
1
1
1

5

1

PARTS LIST
PART NUMBER
Vertical Tube
Top Tube Insert
Base Tube Insert
Thrust & Radial Bearing

DESCRIPTION

Place Thrust
direction upwards

Radial Bearing

B

B

B

5

1
1

A

A
3

TITLE

VerticalTubeAssembly.iam

MATERIAL

QUANTITY

1

DETAIL A
SCALE 1/2
4

3

SIZE

B

SCALE

1/5

2

172

AUTHOR
DATE

Trent Kelsall
2/27/2021
1

TOL

UNIT

REV

.005

Inch

B

SHEET

2 OF 5

4

3

2

4
6

1

B

5

2

3

8

1

ITEM
1
2
3
4
5

QTY
1
2
1
1
8

6

2

7

10

8
9

1
1

PARTS LIST
PART NUMBER
boomBase
boomBasePlate
centralAxle
centralAxleBlock
ANSI B18.3 - 1/4 - 20 UNC
- 2 3/4 HS HCS
ANSI B18.3 - 1/4 - 20 UNC
- 2 1/4 HS HCS
ANSI B18.2.2 - 1/4 - 20,
HNI
thrustBearingSpacer
RollerAssembly

DESCRIPTION

Hexagon Socket Head Cap
Screw
Hexagon Socket Head Cap
Screw
Hex Nuts (Inch Series) Hex
Nut

B

See Sheet 5

7

A

A
TITLE

B

SCALE

1/3

3

4

3

QUANTITY

1
SIZE

4

pivotAssembly.iam

MATERIAL

9

AUTHOR
DATE

Trent Kelsall

TOL

UNIT

REV

.005

Inch

A

2/27/2021

2

SHEET

1

2

3 OF 5

1

ITEM
1
2
3

QTY
1
2
6

4

6

PARTS LIST
PART NUMBER
boom
supportPlate
ANSI B18.3 - 1/4 - 20 UNC
- 2 3/4 HS HCS
ANSI B18.2.2 - 1/4 - 20,
HNI

DESCRIPTION

Hexagon Socket Head Cap
Screw
Hex Nuts (Inch Series) Hex
Nut

B

B

1

2

4

3

A

A
TITLE

boomAssembly.iam

MATERIAL

QUANTITY

1
SIZE

B

SCALE

1/4

4

3

2

173

AUTHOR
DATE

Trent Kelsall
2/27/2021
1

TOL

UNIT

REV

.005

Inch

A

SHEET

4 OF 5

4

3

2

B

1

ITEM
1
2
3
4

QTY
1
2
5
9

5

9

6

5

PARTS LIST
PART NUMBER
rollerBlock
rollerPlate
rollerPlateStandOff
ANSI B18.3 - 1/4 - 20 UNC
- 1 1/4 HS HCS
ANSI B18.2.2 - 1/4 - 20,
HNI
Needle Roller Bearing

DESCRIPTION

Hexagon Socket Head Cap
Screw
Hex Nuts (Inch Series) Hex
Nut

B

4

3

6

1

2

5
A

A
TITLE

RollerAssembly.iam

MATERIAL

QUANTITY

1
SIZE

B

SCALE

1/2

4

3

2

174

AUTHOR
DATE

Trent Kelsall
2/27/2021
1

TOL

UNIT

REV

.005

Inch

B

SHEET

5 OF 5

Appendix M: Deployment Procedure
Before Pre-Deployment
• Charge batteries
• Charge laptop
• Bring note paper
• Bring zip ties
• Bring LiPo charger
• Pack spares
• Zip all the dive weights
Pre-Deployment (~30 min)
• Thruster Orientation (0.5 min)
o Vector thrusters are at correct angles (45˚)
o Vertical thrusters are extended
• Check systems are securely mounted/fixed (2 min)
o Thrusters
o Buoyancy
o 2 Housings (battery housing later)
o Lifting hardpoint
o Lights
o Additional tooling
o Cable penetrators
o Tether strain relief
• Visually inspect batteries for damage or irregularities (1 min)
• Check battery voltage (1.5 min)
• Connect tether to tether box (0.5 min)
• Check Laptop to tether box connections (0.25 min)
o USB to USB
o Ethernet to Ethernet
• Check network mode on Laptop is set to “Local Only” (0.25 min)
o Make note of the IP address using “ifconfig” command in terminal
• Check controller is connected to the Laptop over USB (0.5 min)
• Verify that the RS485 converter is seen by the laptop as “TTYUSB0” (0.25 min)
o Use “dmesg | grep tty” command in terminal to check
o If not, unplug the other devices and reconnect the usb to the
• Plug batteries in, switch on the circuit breaker, close the battery housing (1 min)
• Housing Integrity Checks (1 min)
o Visually inspect cans to ensure they are closed and secure
§ Test cable penetrators, end caps, etc.
o Start vacuum Test (10inHg for 5-10min)
• Continue (5 min)
o Run the GUI
o Run through all thrusters
o Test lights
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Test servo tilt
Verify sensor values are coming up
Check voltage sensor is giving reasonable values
• Check video feed comes up (0.5 min)
o Check that Raspberry Pi has correct IP for laptop
o If not, access Raspberry Pi over network and adjust IP.
• Disarm ROV until it is in water and ready for mission (0.25 min)
• Housing Integrity Checks
o Visually inspect cans to ensure they are closed and secure
§ Test cable penetrators, end caps, etc.
o Vacuum Test (10inHg for 5-10min)
Deployment #1
1. Ballasting/trim process (10 min)
1. 1 person has hand on ROV
2. 1 person adjusts weights + zip ties
2. Test general movements
1. Up, down, left, right, forward, back, yaw
3. Test sensor values (make sure we get sensible values)
1. Compass (spin ROV around near the surface to get a visual check)
2. Pressure (monitor to make sure it doesn’t do anything weird)
3. Temperature (bring a thermometer and compare values)
4. Ping (compare perceived distance from the bottom with camera with ping
reading)
4. Test rotation counting (do at same time as compass probably)
5. Tune & Test PID
1. Heading
2. Depth
3. Heading & Depth
4. Altitude (need to do near bottom)
5. Heading & Altitude (need to do near bottom)
1. Max depth test
Surface at 3.4V per cell (13.6V)
.
MIN: 3.3V per cell (13.2V)
Always surface first then move towards boat
IMPORTANT: Don’t remove weights, we might redeploy
o
o
o

Deployment #2
1. Change thruster config (before deployment)
2. Test general movements
1. Up, down, left, right, forward, back, yaw
3. Test Heading PID control
4. Surface at 3.4V per cell (13.6V)
1. MIN: 3.3V per cell (13.2V)
5. Always surface first then move towards boat
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Post-Deployment
Mech
• Rinse ROV with fresh water and check for debris
• Dry off the cans with a towel before opening them
• Retract the vertical thruster shelf and secure in place
• Inspect for damages
Electrical
• Remove batteries from housing after drying off housing
• Check voltage of the batteries
• Store batteries in their bags/boxes
• Disconnect tether from tether box
SW
• Shutdown GUI
• Remove connections between laptop and tether box
Emergency Procedures
Leak Detected
• Surface immediately and return to boat
• Power off
• Inspect Leakage
Power Failure
• Surface immediately and pull to boat
• Ensure power is off
• Observe + survey what the problem is
• Pull onto boat if can is not hot and situation seems safe
o Carefully check if can is hot
o Disconnect computer connections
• If power can is not hot, carefully open power can and turn off breaker
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Appendix N: Final Budget + Project Costs
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Appendix O: Senior Design Conference
Presentation Slides
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